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ABSTRACT

Remote Afterloading Brachytherapy (RAB) is a cancer treatment process that uses ionizing radiation from
radioactive materials to retard or destroy tumors. RAB uses a computer-controlled device to insert
radioactive sources in or adjacent to the tissue to be exposed. Human errors and equipment failures in the
RAB process can lead to the administration of incorrect radiation doses, the insertion of radioactive sources
into the incorrect location in the body, or a treatment delivered to the wrong patient.

Discrete Event Simulation (DES) is a technique for simulating and studying processes that can be described
by a sequence of events that each have a distinct beginning and end. 1t is particularly well suited to
modeling series of human tasks. This study used DES modeling to evaluate the potential for human errors
in the process and responses made by humans to hardware and software failures. Using a task analysis of
RAB combined with estimates of the probability of the errors that can occur in the RAB process, the events
(previous tasks and errors) that lead to the errors, and information about potential equipment failures, a
DES modd of the process was developed. This project demonstrated that the DES mode can be used to
examine process safety through the identification of the human errors that are most likely to occur and the
points in the process most vulnerable to severe consequences.
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EXECUTIVE SUMMARY

Introduction

Remote Afterloading Brachytherapy (RAB) is a cancer treatment process that uses ionizing radiation from
radioactive materials to retard or destroy tumors. RAB uses a computer-controlled device to remove the
radioactive materials from a shielded container and move them through tubes into applicators that are
placed in or adjacent to atumor. The device controls the dwell positions and the dwell times inside the
applicator. The device then returns the radioactive materials to the shielded container. Human errors and
equipment failures in the RAB process can lead to the administration of incorrect radiation doses, the
insertion of radioactive sources into the incorrect location in the body, or a treatment delivered to the wrong
patient.

The Nuclear Regulatory Commission (NRC) regulates aspects of RAB rdated to radiation safety as part of
its mission to protect public health and safety. In 1995, the NRC completed an evaluation of RAB
designed to identify potential human errors, their causes and consequences and to prioritize function and
task performance problems related to human errorsin terms of their safety significance. The results of that
study, published in, Human Factors Evaluation of Remote Afterloading Brachytherapy (NUREG/CR-
6125) Voals. 1-3, 1995, is a primary source of information for this research.

The two primary objectives of the project documented in this report were (1) to determine the feasibility of
using Discrete Event Simulation (DES) modeling to assess the effects on process safety of human errors
and hardware and software failures in RAB in particular and in medical processes using radioactive
materials in general, and (2) to compare DES with other risk assessment methods for assessing risks
associated with medical processes using radioactive materials. To accomplish these objectives, a DES
mode was constructed for the RAB treatment process. Possible human errors and human responses to
hardware and software failures were included in the modd.

The NRC is currently developing guideines and methods for implementing a policy called ” Risk-Informed
Regulation.” For nuclear power plants, these guiddines rely heavily on traditional Probabilistic Risk
Assessment (PRA) and Human Rdiability Assessment (HRA) methods, most of which rely on traditional
applications of fault trees and event trees. This project demonstrates that DES is an alternative risk
assessment method that might be more appropriate than the traditional PRA/HRA methods for assessing
risks associated with medical use of radioactive materials

Discrete Event Simulation

A simulation is an abstract representation or modd of a system. Simulation helps the analyst gain a better
understanding of the system. DES is used to study processes that can be described by a sequence of events
that each have a distinct beginning and end. A computer is used to simulate execution of these events.
DES has been successfully used to analyze aspects of processes, such as, human performance, resource
utilization, efficiency, cost, scheduling, and training.

In DES, tasks are displayed schematically on a network diagram and are connected by arrows that show
potential sequences of task execution. The possibility that more than one task can follow a specific task is
indicated by multiple arrows coming from that task and pointing to multiple potential subsequent tasks.
Probabilities or mathematical equations are used to determine the path(s) that should be followed. Any
task or occurrence, such as, initiating an error, catching an error, or an equipment failure, can be
represented in the network diagram.
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Once the modd is constructed, the simulation can be executed multiple times. Variables can be defined to
record specific values that represent the status of the system as the mode is executed. Statistical analysis
of the recorded variables from multiple executions can identify the most frequent errors and their associated
tasks. The specific areas for improving process safety can then be identified.

Once specific process changes are proposed, the modd can be used to test how those changes affect the
overal activity. Theresults can then be compared against original (baseline) results to see the effect the
changes had on the process. This method can be repeated many times to obtain the most desirable result.

M ethodol ogy

In this study, a methodology was developed for using DES for risk assessment. A mode of the RAB
process was devel oped to demonstrate the methodology. The RAB modd was constructed based on the
human factors evaluation of RAB documented in NUREG/CR-6125 and the use of Nucletron's
Microsdectron High Dose Rate Remote Afterloading Brachytherapy equipment. The mode considered the
numbers and types of errors and equipment failures in the RAB process and the events that lead to incorrect
treatments. Thefollowing isalist and short description of each of the steps used to create the RAB modd.
Thelistisalso alist of typical steps and a guide that can be used in building similar modd s in the future.

1. Collect initial process information
Theinformation used in theinitial construction of the RAB process mode was collected from
several different sources. Theseincluded NUREG/CR-6125, interviews with Subject Matter
Experts (SMEs), visits to treatment facilities, NRC occurrence reports, and the user’s manual for
the RAB equipment.

2. Build theinitial network diagram
Building a network diagram is the first step performed using the Micro Saint simulation software.
For this project, the network diagram was constructed to represent the RAB treatment process.

3. Devedop and add error probability distributions
Theinformation collected on potential RAB process errors was used to develop probability
distributions for each error. These were added to the modd to represent the initiation and the
catching of errors.

4. Add error dependencies
Theinitiation of some errors can increase or decrease the likelihood of other errors. Information
collected on the dependencies between some errors was used to demonstrate this capability of the
modd.

5. Add equipment failures
Potential RAB equipment (hardware and software) failures were included in the mode in the form
of failure scenarios. There was no attempt to represent all the equipment failures that could occur
in the RAB process. The hardware failure and software error scenarios are meant to demonstrate
one way these types of problems can be represented in a DES.

6. Define execution parameters
A simulation uses a set of parameters to control its execution. For the RAB modd, some of these
parameters included specifics of patient treatment, the number of patients, and the number of
treatments per week.

7. Test and debug the modd
Testing and debugging a computer model is an iterative process that takes place throughout the



mode’ s construction. This step is listed at this point in the methodology to indicate that all the
testing and debugging was completed prior to using the mode for the purpose of analysis.

8. Veify and validate (V& V) the modd
The steps of verifying and validating a modd areiterative and can take place several times during
the construction and use of the modd. During this project, we used several different levels of V&V
at several different points in the process.

9. Modify the mode based onthe V&V
Additional information was obtained during the final V& V. Several modifications were made to
the modd to reflect this information.

10. Execute the moddl
Themode was executed several different times using different input values to smulate different
scenarios of interest.

11. Collect modd execution data
Each execution of the mode produced data on the results of the scenario that was simulated.
These results were used to determine the risks involved with the process of providing RAB
treatments.

Verification and Validation

Two separate verification and validation (V& V) efforts were performed for this project. Thefirst occurred
after the basic RAB treatment process mode was developed. The primary source of information for
constructing the modd was NUREG/CR-6125, Human Factors Evaluation of Remote Afterloading
Brachytherapy Vols. 1-3, 1995. To verify that the modd accurately represented the information in
NUREG/CR-6125 and to validate that it was a reasonable representation of reality for performing RAB
treatments, the project team met with the authors of NUREG/CR-6125 to review the DES modd. Minor
modifications to the modd had to be made as aresult of thisreview. For the most part, the review
indicated that the RAB mode did accurately represent the process documented in NUREG/CR-6125. The
RAB processes documented in NUREG/CR-6125 were a composite of process steps performed at the 23
RAB facilities that were sampled in that study. As aresult, the RAB process that was modded did not
represent the actual process at any particular facility. However, the DES techniques used in the mode
were easy to communicate and well understood by the subject matter experts who performed the human
factors evaluation for NUREG/CR-6125. This made the mode easy to review and evaluate.

The second V&V effort was conducted at a medical facility that routinely performs RAB treatments
using the same equipment and many of the techniques included in the RAB DES modd. In attendance
at this review were medical physicists from two separate facilities that perform RAB treatments. The
finding was that the processes for performing RAB treatments were considerably different at different
facilities and also considerably different from one treatment type to another. From this, it was
concluded that a generic process mode for all RAB treatments at any facility was not an accurate way
to represent reality. However, the subject matter expert reviewers fet that the DES modd was easy to
understand and evaluate. In addition, each of the experts indicated that DES seemed to be a useful way
to represent RAB treatment processes and felt that they could provide the information required to
modify the DES model to better represent the processes at their respective facilities with minimal
effort.

Results
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A sensitivity study was performed using two variables: (1) error initiation probabilities, which were varied
between high and low, and (2) error dependencies, which wereincluded or excluded. The four
combinations derivable from the two values of these two variables constituted four scenarios. The number
of patients for each scenario was set at 1,000. For each of the four scenarios, the most frequently
occurring errors and associated tasks were identified. One of the most interesting results from the four
mode executions was that the same set of the most frequently occurring errors was found in al four
scenarios. In addition, the same tasks were responsible for initiating the highest number of errors that
resulted in incorrect treatments. The results of the study suggest that simulation can be used to identify
areas of risk of incorrect treatment in the RAB process even if the probability of error data are relative
instead of absolute. DES can be used to help identify the points in the process at which errors are most
likely to occur, and the points where errors can be detected and corrected. DES can also be used to
evaluate alternative solutions to the parts of the process that are sources of human error. The RAB modd
developed for this project is a composite of several different facilities. In order to analyze RAB at a
specific facility, a facility-specific modd should be developed. The ease with which subject matter experts
could understand and review the DES modd is a very important strength of DES. Furthermore, it may be
easier for an experienced analyst to construct a DES mode of RAB than for an experienced analyst to
construct a fault tree or event tree analysis of the same process’.

Limitations
Several limitations in the scope of the project and the mode are as follows: The trestment of hardware
and software failuresis not meant to be a thorough treatment of all possible equipment failures within
the RAB process. Rather, it isintended to show how equipment failures, their effects on the process,
and human responses to the failures can be represented in a DES model. This mode is not intended to
be an accurate predictor of treatment outcomes for a specific facility becauseit does not represent the
RAB process from a specific facility. Asaresult, the SMEs from one of the facilities visited were
unable to provide a validation of theinput data for the modd (e.g., error initiation and catch
probabilities), which were solicited from the authors of NUREG/CR-6125. However, these
probabilities can be easily altered within the modd to perform sensitivity analysis.

Conclusions

DES is an excdlent technique for simulating processes that can be described by discrete events and can be
effectively used to assess risk in medical procedures that use radioactive by-products. A DES modd can
also be used to answer other questions that address process safety. For example, the effects of proposed
changes in the medical process can be assessed by comparing the results of the basdline modd with the
results of an alternative model of the proposed changes. This can help direct analysts to more effective
changes and can save resources by helping to limit changes to those that improve process safety. Sincethe
modd that was developed was focused on the steps in the process of performing RAB and the potential for
errors in the process and not on the medical judgment that goes into the process, the project team fedls that
DES can also be effectively used in other processes that use radioactive materials.

! This represents the opinion of Dana Kelly of Twinbrook Applied Sciences Inc. who was contracted as a PRA
expert during the RAB project.
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GLOSSARY
Applicator: A medical instrument placed in or adjacent to a tumor through which a radioactive source will
trave during treatment delivery.

Brachytherapy: A cancer treatment process that uses radioactive materials to retard or destroy tumors
with ionizing radiation.

Discrete Event Simulation: A technique for simulating and studying processes that can be described by a
sequence of events that each have a distinct beginning and end. It is particularly well suited to modeling
series of human tasks.

Dosage Deviation: An administered radiation dose that differs from the prescribed dose.

Dwell: The position or time (duration) that the radioactive sourceis located during treatment delivery. The
source will belocated at a specific dwell position for a specific dwell time.

Effect: InMicro Saint, an expression that executes as a result of a task during model execution. Tasks use
beginning, and ending effects.

Error Dependency: A condition that can affect the probability of initiating or catching one or more errors.

Function: Thetop leve of the RAB process description from NUREG/CR-6125. Functions are broken
down into tasks and steps. They equate to the nodes of the top level network in the RAB modd.

High Dose Rate: An RAB treatment type using a high activity source to ddiver a dosein 5-10 minutes.
Low Dose Rate uses a lower activity sourceto deliver adosein 2-3 days.

Misadministration: For RAB, an administration of a radiation dose
1. involving the wrong patient, wrong radioisotope, or wrong treatment site,
2. involving a sealed sourcethat is leaking,
3. when one or more sealed sources are not removed upon completion of the procedure, or

4. when the calculated administered dose differs from the prescribed dose by more than 20 percent
of the prescribed dose.

Network: In Micro Saint, a sequential relationship of nodes that simulate a system, activity, or process
displayed as the network diagram.

Node: InMicro Saint, a graphical representation of a task (rounded rectangle) or a network (rectangle) in
the network diagram.

Path: In Micro Saint, a sequential connection between two nodes, so that one follows another under
certain specified conditions.

Programmatic Error: An error that can affect multiple fractions of a single patient.

Recordable Event: For RAB, an administration of a radiation dose when the calculated dose differs from
the prescribed dose by between 10 and 20 percent.

Release Condition: In Micro Saint, an expression that is evaluated to determine whether a node can
execute. A node can execute only when the value of the Release Condition is nonzero or true.
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Remote Afterloading Brachytherapy: A Brachytherapy treatment in which a remotely controlled device
inserts and withdraws the radioactive sources from applicators that have been placed in a patient.

Snapshot: In Micro Saint, an option that records the values of specified variables at particular points
during model execution.

Step: Thelowest level of task decomposition of the RAB process description from NUREG/CR-6125.
Steps are broken down from higher level tasks. They equate to task nodes in the RAB model

Subnetwork: In Micro Saint, a network that is inside another network. In amodd, all networks are
subnetworks except for the top network.

Systematic Error: Anerror that can affect multiple patients.

Task: The second leve of task decomposition of the RAB process description from NUREG/CR-6125.
Tasks are broken down from higher level functions and broken into lower leve steps. They equateto
subnetworks in the RAB modd.

Task Description: In Micro Saint, each task node is defined by task time, release conditions, beginning
and ending effects.

Task Time: In Micro Saint, the simulated time for atask. It is usually based on a mean time, standard
deviation, and a distribution.

Treatment Fraction: In HDR RAB, partial treatments to patients separated by a few days. The entire
prescribed treatment doseis often delivered in multiple fractions.

Xi
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2.INTRODUCTION

This report describes a study conducted by Micro Analysis & Design, Inc. (MA&D) for the U.S. Nuclear
Regulatory Commission (NRC). The study investigates Discrete Event Simulation (DES) as a risk
analysis tool for medical procedures using radioactive by-products, and is part of the effort by the NRC to
identify the risk analysis tools that are suited to assessing these procedures. This study demonstrates that
DES can be used to evaluate the risks associated with Remote Afterloading Brachytherapy (RAB) by
modeling the treatment process and identifying the human errors that contribute the most to therisk of a
misadministration during RAB treatments. In addition, specific hardware and software failure scenarios
were used in the modd to demonstrate how DES can be used to assess the effects of these types of failures
on the process.

2.1 Background

Remote Afterloading Brachytherapy (RAB) is a cancer treatment process that uses ionizing radiation from
radioactive materials to retard or destroy tumors. RAB uses a computer-controlled device to remove the
radioactive materials from a shielded container and move them through tubes into applicators that are
placed in or adjacent to atumor. The device controls the dwell positions and the dwell times inside the
applicator. The device then returns the radioactive materials to the shielded container.

The NRC regulates certain aspects of RAB as part of its mission to protect public health and safety. One
area of regulatory concern is misadministrations. Misadministrations include the following: administering
aradiation dose to the wrong patient, administering a radiation dose to the wrong location of the correct
patient, or when the intended and ddivered doses differ by more than 20 percent. Misadministrations are
often attributed to human error, and the consequences can be severe or deadly.

On November 21, 1992, a patient treated with a RAB device died after the brachytherapy source was
erroneously left in an implanted applicator following treatment. In the past nine years, other patients that
were treated with RAB devices have received radiation doses that differed from the prescribed dose, or
doses that were inserted in thewrong location. All of these events involved human error.

In 1995, the NRC published a human factors evaluation of RAB to identify the human errors and factors
that could lead to misadministrations. The evaluation discusses issues important to the safe use of RAB,
including personnd, facilities, supporting equipment, software, procedures, and training. The study was
specifically designed to identify the factors that contribute to errors in RAB systems, to evaluate the impact
of those factors on the performance of functions and tasks essential to meet system goals, and to prioritize
functions and tasks based on their safety significance. The results of this study are in the technical
document, NUREG/CR-6125, Human Factors Evaluation of Remote Afterloading Brachytherapy Vols. 1-
3, 1995.

The NRC is currently developing guideines and methods for implementing a policy called “ Risk-Informed
Regulation.” Inimplementing this policy, the NRC expects to employ risk assessment methods, most of
which rely upon traditional applications of fault trees and event trees. In addition, the NRC isinterested in
using risk assessment methods to the extent that is supportable by the current state of the art in risk
assessment. The purpose of this project was to demonstrate that DES is an alternative risk assessment
method that might be more appropriate than the traditional HRA/PRA methods for certain applications.

2.2 Objective and Approach



Introduction

Discrete Event Simulation is a well-established technique for studying processes that can be described by
sequences of events that each have a distinct beginning and end. The two primary objectives of the project
documented in this report were (1) to determine the feasibility of using Discrete Event Simulation (DES)
modeling to assess the effects of human errors and hardware and software failures on process safety with
RAB in particular and with medical processes that use radioactive materials in general, and (2) to compare
DES with other risk assessment methods for evaluating medical processes that use radioactive materials.

The approach for the study was to develop a DES modd for atypical high dose rate RAB treatment
process. The modd used a human factors evaluation of RAB (NUREG/CR-6125) as the basic task
analysis for the development of the moddl. Human errors and human responses to hardware and software
failures were included in the modd.

This report describes how DES can be used for risk assessment, and describes the specific use of DES in
building a modd for RAB and using it to assess the risk of misadministrationsin the process. Theintent is
to present DES modeing as an option to be considered for assessing the risk of a medical process. The
report is organized into the following sections:

1. Introduction
2. Smulation Overview - Anintroduction to simulation and modeling
3. Discrete Event Simulation - A description of DES

4. Using Discrete Event Simulation To Assess Risk And Improve Safety - An explanation of how
DES can be used for risk assessment

5. Micro Saint: Discrete Event Simulation Software - A description of the Micro Saint DES
modeling software

6. Using Discrete Event Simulation To Evaluate The Use Of Radioactive M aterial In medical
Treatment Processes - A methodology for modeling therisk in a medical process

7. Remote Afterloading Brachytherapy Discrete Event Simulation Project - A description of the
RAB modd developed in this study

8 Comparing Discrete event Simulation To Other Risk Assessment M ethods - A comparison of
DES with other risk assessment techniques

9 Reaults - Results, conclusions, and recommendations

This report is written so that readers can focus on the portions that are of greatest interest to them
without having to read the entire document. For that reason, some essential material is presented in
more than one section. Sections 2 & 3 are intended to provide the reader with a basic understanding
of simulation in general and DES in specific. These sections will provide valuable background for
therest of the report to readers who are not familiar with the topic of simulation. Those who are
already familiar with these subjects could skip these sections or refer to them as needed. Section 4
explains how DES can be used for risk assessment. The explanation is presented as a general
discussion of each DES topic related to risk assessment. More detailed descriptions of how DES is
applied are presented in Sections 6 & 7. Section 5 describes the simulation software tool, Micro
Saint, that was used in this project to develop the RAB modd. This section will be useful to readers
who areinterested in the detailed methodology described in Section 6 but are not familiar with the
Micro Saint simulation tool, or it can be used to reference specific issues with the software. Section
6 describes the methodology for using DES to evaluate risk in a medical process that was developed
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Introduction

during the course of this project. The methodology includes many examples from the RAB model
itsef. This section can be useful to the reader who knows about DES and/or Micro Saint without
having read the previous sections or while referencing the previous sections. Section 7 documents
the RAB modd that was developed in this study. It is a detailed description of how the Micro Saint
software was used to create the mode. This section can be skipped by readers not interested in the
specific details of model construction. Section 8 presents a comparison of DES as a risk assessment
tool with traditional risk assessment techniques. This section should be read by thoseinterested in
looking at different techniques. Section 9 presents the results, conclusions, and recommendations of
this study.



Introduction
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3.SIMULATION OVERVIEW

A simulation can be defined as an abstract representation or modd of a system. Simulations are used to
help gain a better understanding of the system. They are usually only representations of a part of a system,
and the type of simulation that is created depends on the information you are trying to determine about the
system under study. Simulations can be grouped into those that are static or dynamic with respect to time.

Satic simulations are simulations that represent a system at a particular time. Examples of static
simulations are computer spreadsheets, logic models, and mathematical models that do not represent
change with respect to time.

Dynamic simulations represent a system as it changes over time. An example would be the activitiesin a
hospital emergency room or a radiation therapy treatment facility over the course of aday. Common types
of these simulations are man-in-the-loop simulators and other dynamic computer-based models.

Man-in-the-loop simulators represent the human-machine interface for part of a system. Personnel
can interact with the ssimulator in real time in much the same way they would with the real system.
Simulators of this type are often used for personnd training and for testing how personne will react
to specific scenarios. Common examples include flight simulators and reactor control room
simulators.

Dynamic computer-based models are used to study the dynamics of a real-world system. The system
can range from a facility to a process that you want to study. Computer models can either be
continuous or discrete with respect to how they represent the passage of time within the simulation.

Continuous computer models are used when the aspects of the system change continuously with
respect to time. They often rely on differential equations for the rate of change over time. Some
examples of systems that require continuous models are wind over the wing of an airplane, the
location of a vehiclein space over time, chemical processes, and weather models.

Discrete computer models are used for processes that can be described by events that each have a
distinct beginning and end. Examples include human operation of systems, maintenance operations,
manufacturing processes, and medical processes, which are the topic of this study.



Simulation Overview
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6. Discrete Event Simulation

Discrete event simulations use a computer modd to describe a process that can be expressed as a sequence
of events, each with a distinct beginning and end. Events can be any part of the process, such as, scheduled
activities, or tasks that represent the flow of the process. The tasks are displayed schematically on a
diagram called the task network diagram, which is the basis of the modd. The components of a DES are
discussed in the following sections:

3.1 Task Network

3.2 Simulation Clock

3.3 Events(external to the task network)
3.4 Entities

3.5 Release Conditions

3.6 Task Effects on the System

3.7 Variables

3.8 Branching Logic

3.9 Modd Execution

3.10 Simulation Output

3.11 Monte Carlo Techniques and Discrete Event Simulation

6.1 Task Network

Thetask network is a graphical representation of the process being modeled. Tasks are represented in a
diagram that shows the order of task execution within the process. A task network diagram is made up of
nodes connected by arrows. Individual tasks are represented by rounded rectangles. Rectangles represent
subnetworks. The potential sequences in which the tasks are performed are indicated by the arrows
between the nodes.

Figure 1 is an example of a task network that illustrates the method used to enter a medical treatment plan
into a treatment unit. The P in the diamond-shaped node represents the type of decision that is used to
determine which path is taken (see section 3.8 Branching Logic).



Discrete Event Simulation

Figure 1. Example of a task network diagram

6.2 Simulation Clock

The simulation clock tracksthe simulated time as the model executes. When events are used to
advancetheclock in variable timeintervals, the smulation isreferred to as event-driven. In
these types of smulations, the clock advances by the amount of time required to complete the
event. Examples of event-driven smulations are human operations of a system and
manufacturing processes. Models developed in Micro Saint (section 5) are event-driven
variable-interval smulations.

6.3 Events

Events are aspects of a simulation that are used to represent the process. A task isan event that has
a beginning, an end, and an associated execution time. Events can trigger other events and can also

change the status of the task execution in the model, such asusing aresource. Events can be used to
control theflow of the model and collect data within the model. In the network diagram in Figure 1,
thefirst task or node acts as a decision event to deter mine which method of plan entry to use.

6.4 Entities

An entity isan object that travelsthrough thetask network. Entities can represent a physical object,
such as, a part on an assembly line, or can represent a person, such as, a patient moving through the
steps of a medical treatment. A task will be executed when two conditions are met; (1) an entity has
reached the task, and (2) therelease conditions for the task are met. Once the task hasfinished, the
entity continues on to the next task in the network. Inthisreport, an entity usually representsa
patient. An entity in the RAB model that travelsthrough a series of tasksin the network represents a
patient that is having that series of tasks performed on him/her as part of the RAB treatment process.

6.5 Release Conditions

When an entity reaches a task, the release condition determinesif thetask can beinitiated. Release
conditions ar e often expressed in terms of the availability of aresource, such as, atool, room, worker,
or the completion of another task. For example, thetask of moving a patient into a treatment room
cannot occur until a treatment room is available and the previous task has been completed.

6.6 Task Effects on the System

Individual tasks can affect the overall activity, process, or system being modeled. These effects can
also be described by how a task usesresources. For instance, if atask requiresaresource, such as, a
doctor or treatment room, these resour ces would become unavailable once thetask started.
However, when thetask is completed, these resour ces would then become available. Another effect
that atask can haveistoinitiatean error. Inthereal world, an error iscommitted during the
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execution of thetask. In adiscrete event simulation, an error isrepresented as having been initiated
by thetask. Onceatask iscompleted in which an error was made, the error can affect the process.

6.7 Variables

For the purposes of this document, the definition of variablesrefersto their usein computer codes
with values being assigned to them. They can be used to track the status of the model and to record
almost any value that is calculated during model execution. For example, variables can record how
many patients are run through a model, or can record the task wherean error occurred. Variables
can be evaluated and changed to provide a way for the eventsin the model to interact with each
other. A variable could also be used to monitor aresource, such asadoctor. At the beginning of a
task that requiresadoctor, the variable would be checked in the release condition to seeif a doctor is
available. If adoctor isavailable, the task would begin and the value of the doctor variable would be
changed to show that the doctor isnot currently available for any other tasks. At the end of the task,
the doctor variable would again be changed to indicate that the doctor is now available for other
tasks.

6.8 Branching Logic

A branch in the network diagram is used when mor e than one path can be followed. In the network
diagram in Figure 1, a branch follows the first node to three other nodesthat represent thethree
waysto enter the treatment plan. The path that isactually followed when the smulation runsis often
based on either a praobability or a pre-established rule. Branching logic may also be used to follow
multiple paths smultaneoudly.

6.9 Model Execution

When the model execution is started, an entity begins at thefirst task node in the modd. If the
Release Condition for that task isevaluated as*” true,” then the task executes. The effect(s) that the
task has on the system are evaluated based on the expressionsin the task description. The changes
are expressed in variablesthat can be used in other tasksin the model. Oncethe task is completed,
the entity proceedsto the next task in the network diagram. When more than one path isavailable,
the branching logic is used to deter mine the path the entity will follow. In general, the entire network
diagram istraver sed by the entity, and the model is completed when the entity reachesthe end of the
last task in the network. Models can have conditions that send entities through the network until a
specified simulation time, or until a pre-deter mined number have completed the smulation.

6.10 Simulation Output

The data output for a simulation are specific values of model variablesrecorded at a specific time
during the execution of the model. The recorded data are used to answer questions about the system
being modeled. The output issimilar to the results of an experiment. Data output can include
measur es of system effectiveness, or can be used for system diagnostics. Some examples of useful
output are asfollows: resource utilization, process cycletime, cost, and errorsinitiated.

6.11 Monte Carlo Techniques and Discrete Event Simulation



Discrete Event Simulation

A Monte Carlo smulation can be defined as any smulation using random variables. Discrete Event
Simulations are M onte Carlo-based because they generate random number s which are compar ed
against probability distributions throughout the model. This processis used to determine a value for
a specific instance from the distribution. In DES, thistechnique is often used to deter mine the task
execution timefor a particular instance of atask or to determine which path to follow in the case of a
probabilistic decision point. Each iteration of these points within the model will produce a different
value from within each distribution.
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7.USING DISCRETE EVENT SIMULATION TO ASSESS RISk AND IMPROVE SAFETY

Theresults of this study show that a DES model can be used to help understand therisk and to
improvethe safety of the RAB medical treatment process. Based on previous experience with
modeling and the successful development of the RAB model, DES can be used to model other medical
treatmentsaswell. The following sections discuss using DES modelsto assesstherisk and improve
the safety of medical treatment systems:

4.1 System Dynamics

4.2 How ErrorsPropagate Through a System

4.3 Characterizing Hardwar e and Softwar e Failures
4.4 Variation in System Processes

4.5 Effects of Errorsand System Failures on Safety
4.6 Process Changes

4.7 Facility-Specific M odels

7.1 System Dynamics

Thetask and error analysesthat are the basis of a DES model are static descriptions of the processin
the sense that the actual flow and interactions cannot easily be represented. The dynamic aspects of
the system are depicted by building a model that shows variability within the processflow. Building
the model includes constructing diagrams that show the inter actions between the tasks and theerrors
(see Section 6.3). Eventsthat occur in the process may change the way that subsequent events occur.
The dynamic depiction of the system providesa greater level of under standing than what is derived
from the static descriptions of the process.

7.2 How Errors Propagate Through a System

A thorough under standing of how errors can affect a treatment processis a valuable tool for reducing
thelevel of risk in the process. Errors can have many different effects on a treatment process and the
effects of an error can propagate through the system. Errorsmade at one point in the process can
affect subsequent decisions. The flow of the process can be altered when steps are erroneously
skipped. Errorscan also change how subsequent errorsoccur. A DES modd of a treatment process
can be used to smulate the dynamics of error propagation and how the system is affected.

Individual errorsarerepresented at the point in the process wherethey can beinitiated. Detecting
those errorsisalso smulated at each point where they can be detected. For example, during the task
of placing an applicator into a patient, the error of inadequately securing the applicator might be
made. Probabilities are used to determine whether the errorsare actually initiated and, if they are
initiated, whether they are caught for each execution of the model. The effectsthat errorshave can
be modeled as alter native pathsin the process and as dependencies between the errors (see Section
6.3.4). For example, an alternate path could be taken if the error caused part of the processto be
skipped, such asthe omission of a quality assurance check. A dependency between errorsis
illustrated when an applicator that was inadequately secured affects the probability that the
applicator might move while the patient is being transported.
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One of the outputs from thistype of DES mode could bealist of errorsthat wereinitiated but not
caught. In thisway, an under standing of the most commonly occurring errors and the pointsin the
process wherethey areinitiated can be developed. Thetypes of errorswith the highest rate of

occur rence and the pointsin the process where most errorsareinitiated can be viewed as some of the
greatest areas of risk in the process. Results of the model simulation then become the focal point for
efforts to improve the safety of the process.

7.3 Characterizing Hardware and Software Failures

Aswith human errors, an important aspect of process safety isto under stand the effects of potential
har dwar e and softwar e failures. One method of characterizing these failuresin a DES modd isto use
their frequency of occurrence. Reliability data for a piece of equipment are often expressed asa
probability of on demand failurei.e., the expected number of failuresin a specified period of time,
usually oneyear. Potential equipment failures can beincluded in a DES model and demand failure
probabilities could be used to initiate their occurrence during model execution. In thisway, therisk
associated with equipment failures can be analyzed along with the human errors.

Another method of evaluating the effects of equipment failuresisto initiate a specific scenario within
the model. Scenarios based on equipment failures can be developed from real-life occurrences or
from subject matter experts (SMEs). Each scenario could be built into a treatment model and
executed by the analyst. Thisallowsthe analyst to evaluate the effects of an equipment failure on the
process without having to execute the model until a frequency-based failure occurs. Analyst-initiated
failure scenariosisthe method that was used to represent equipment failuresin the RAB moddl.

7.4 Variation in System Processes

Another aspect of a system that can be represented by DES isthe variability within the system itself.
Variability within medical processes can include differ ences acr oss treatments and patients, such as,
how many applicators are used, how many fractional treatments are used to deliver aradiation dose,
or the need for life support. Uncertainty analysis can also be performed usng DES to address
potential variability in the estimate of error likelihood and equipment failure frequencies.

7.5 Effects of Errors and System Failures on Safety

A DES modd of atreatment process that includes human errorsand equipment failures can also use
the consequences of those errorsto predict treatment outcomes. The consequencesthat each error
and failure can have on the outcome of a treatment can be included in a DES model by trandating the
errorsand failuresinto effects on the patients and staff.

Often predetermined definitions exist for what constitutes acceptable and unacceptable effects on
patients and staff. Definitions of terms, such as, “ misadministration” and “ recor dable event” may
come from aregulatory organization or may be determined by the facility perfor ming the treatment.
In either case, the consequences of errorsand failures can be based on these treatment outcome
definitions. A model that includes a trandation from resulting errors and failures to consequences
can be used to predict treatment outcomes.

7.6 Process Changes
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Changesin a process can be proposed for many different reasons. Some changes are designed to
increase the efficiency of the process, while othersimprove the safety of the process. Such changes
may be based on analyses of the efficiency and/or risk of the process and may come from sour ces,
such asregulatory or administrative bodies. The cost of implementing such changes can be great and
the effect that such changes may have on the process may not always be fully understood. A DES
model can be used to assess the effect that proposed changes have on system safety.

The proposed changes can be made in the model prior to spending the time and money to change the
actual process. The model can then be used to predict whether changes designed to improve safety
have the required effect, and whether changesfor purposes other than safety have any indirect effect
on the safety of the system. Using a DES model thisway can save consider able time and money by
helping to limit the changes to those that will improve the level of safety in a process.

7.7 Facility-Specific Models

DES models can be developed for treatments at specific facilities and for each treatment of interest.
These facility-specific models can be used to increase the safety of processesin any of the ways that
were discussed in thissection. In addition, such models have an added use that applies specifically to
individual facilities. These models can be used to assess system vulner ability to incidents reported
from other facilities.

Incidentsthat occur at onefacility are often reported so that other facilities can understand the
incident. The methodsfor disseminating such information can range from official reporting to word-
of-mouth between facility personnel. However the information isreceived, afacility can comparethe
information regarding the incident with their model of the process. This comparison allowsthe
facility to assessthe level of susceptibility of their processto incidentsthat occurred at other facilities.
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8.MICRO SAINT: DISCRETE EVENT SIMULATION SOFTWARE

Micro Saint isa smulation softwar e package for building modelsthat simulate real-life processes. In
the previous section of thisreport, a description was presented showing how DES can be used to gain
a better under standing of the dynamics of medical treatmentsthat useradioactive material. In this
section, the basic DES components that make up the Micro Saint softwaretool are described.

Models can be relatively smple or complex. A simple, functional model can be built by creating a
network diagram and entering task timing information for each task in the network. M ore complex
models can also be built that include dynamically changing variables, probabilistic and tactical
branching logic, conditional task execution, and extensive data collection¥s all of which can be
specified by choosing menu commands or providing expressions for Micro Saint to execute under
specific circumstances.

Whether the modd issimple or complex, the process of executing the model and gener ating statistics
and graphs from the collected data is mostly automatic. Micro Saint usesrandom numbersto

gener ate task times and routing choices specific to the current execution. After running the model,
dtatistics charts, scatter plots, lineor step graphs, bar charts, and frequency distributions can be used
to analyzethe collected data. In addition, the resultsfiles can be opened by spreadsheet or statistical
packagesfor further analysis.

The purpose of this section isto provide a brief introduction to the Micro Saint smulation software.
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Figure2. The Micro Saint user interface

Figure 2 shows the network diagram window of Micro Saint. It appearsin a standard Windows
format with pull down menus and button based tool bars. Thewindow contains a sample network
diagram of four nodes labeled 1 through 4 with a probabilistic decision node after node 2.

8.2 The Network Diagram

The process being modeled isrepresented in a diagram that depictsthetasksor activitiesthat
constitute the process. Each activity is represented by a graphical element, such as, arectangle or
rounded rectangle (also called nodes). The arrows between the nodes indicate the sequence in which
thetasksareto be performed (Figure 3). The combination of nodes and arrowsis called a network.
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Figure 3. Schematic example of a task network

A rounded shapeiscalled atask node. A rectangular shapeis called a network node and indicates
the presence of alower level network sometimes called a subnetwork. Each subnetwork can contain
either rectangular network nodesfor other subnetworksor task nodes. Tasks arethelowest level of
the network structure. In other sections of thisreport, the lowest level shapeswill bereferred to as
task nodes to prevent confusion with other uses of theterm ‘task’.

Task and network nodes are created in Micro Saint using the task and network tools. Usersclick on
the network diagram with one of the toolsto place a task (rounded rectangle) node or network
(rectangular shape) node, and then continue clicking to place subsequent nodes as needed. The path
tool isused to draw a path from each node to any other nodesthat can follow it, and indicates the
sequence of task execution.

Micro Saint also uses symbolic animation during execution. For example, when a particular nodein
the network has been reached, it is highlighted. The animation shows entities (items, people, etc.) as
they move through the network. Thistype of animation is particularly useful in locating errorsand in
debugging a model.

8.3 Task Description

Tasksarethelowest level in a model network hierarchy and are described by specific parameters,
such as, Timing Information (Section 5.3.1), Release Condition (Section 5.3.2), and Beginning and
Ending Effects (Section 5.3.3) that relate the task to other system activities. An example of the Task
Description dialog box isdisplayed in Figure4. The description isfor task number 1 (this number is
internal to the Micro Saint software and does not affect or reference the process being modeled); a
name for thetask can be entered into the namefield. Expressionsfor each of the task parameters can
be entered in the labeled fields.
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Figure4. Task Description dialog box

8.3.1 Task Timing Information

Task timing infor mation consists of the mean time for the task, the standard deviation, and a type of
timedistribution. In Figure 4, the task mean time isten time units (hours, minutes, seconds, etc.), the
standard deviation is onetime unit, and the type of time distribution is Normal.

. TheMean Timeisthe average timerequired to complete atask. For example, if thetask
represents an activity, such as, “ transfer patient to recovery room,” then the mean timeto
execute the task isthe averagetimethat it takesto transfer the patient. The mean timeis used
in conjunction with the time distribution to deter mine the smulated task execution time for
each execution of the task.

- The Standard Deviation is used in conjunction with the time distribution, and controlsthe
spread of a distribution.
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- The Time Distribution defines the probability function used by Micro Saint to randomly
gener ate execution timesfor atask. The mean time and standard deviation are used in
conjunction with the probability distribution to deter mine the task execution time. 1n most
cases, the execution timeisnot constant, but isvariable within a range of valuesthat can be
represented by a probability distribution. Micro Saint supports mor e than 21 praobability
distribution types, including normal, rectangular, exponential, gamma, Wiebull, Poisson, and
others.

11.0.1 Release Conditions

Often, situations occur where a task cannot begin executing until certain conditionsaremet. A task
can have resour ce requir ements, such as, availability of a doctor or room, or other constraints, such
as, time of day or availability of a part typethat controls when the task can begin. In Micro Saint,
the expression in the Release Condition field can prevent atask from executing until certain
conditionsin the model are met (e.g., the availability of a resource, the completion of another task).
The Release Condition expression can be as simple asthe value one (1) for tasks that always execute
as soon asthe previoustask completes, or it may be a complicated expression in which several
conditions are evaluated. Entities moving through the network cannot bereeased into a task for
processing until the release conditionsfor the task are met.

11.0.2 Task Execution Effects

An execution effect defines how the task performance affects other aspects of the system. For
example, the current state of the system may change when a task begins and then change again when
thetask ends. These changes are made using expressionsin the Beginning and Ending Effects of a
task description. In the examplein Figure 4, the expression in the Beginning Effect of the task
reduces the number of available doctors by one. The expression in Ending Effect increasesthe
number of available doctors by one.

11.1 Controlling Process Logic

The basic order in which tasks are executed is defined by the arrowsthat are displayed between
nodes. Alternatives are shown when more than one path originates from a single node. Task
sequences can also be affected by conditions external to the network diagram. For example, a task
can be started as a function of time. A diamond-shaped “ decison node” automatically displays on the
network diagram when morethan one path follows atask. These decision points can be used to
represent real world decisions or to control aspects of how the model works that may have littleto do
with the process being modeled.

The conditions that control the branching must be entered as expressons. Micro Saint providesthe
following decision typesto ensure that real-world stuations can be represented in the model:

In a Probabilistic decision type, the next task to execute is deter mined by therdative
probabilities of all taskslisted. Probabilistic decisions allow only one of the following tasksto
execute.

In a Multiple decision type, all of the tasks with conditions that evaluate to non-zero will
execute. Thisallowsfor oneor more tasksto begin execution based on rulesthat determine
execution tasks.
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In a Tactical decision type, the next task to execute isthe task with the condition that evaluates
to the highest value. Thisallowsfor rule-based decisons. A Tactical decision type differsfrom
the Multiple typein that only one following task is executed.

Variables and algebraic expressions can be used in the branching logic and the value of the variables
can be changed by conditionsin the mode. This allows complete control and manipulation of the
network flow. Figure5 showsthe Decision Description dialog box for decision 2. The decision type
that is shown is Probabilistic, and the routing conditions for the two tasks that follow the decision,
numbersthree and four, have equal probabilities of execution (probability of Task 3 =.5, and
probability of Task 4 =.5).
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Figure 5. Decison Description dialog box
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14.1 Variables

Variables are an important element of a model because they record many aspects of the system. You
can define variablesto record whatever isappropriate for the model% how many patients were
treated, theerrorsthat occurred, whether a scenario isOn or Off, etc. Variables give different tasks

and scenario events away to interact with each other.

Variablesare created in the Variable Catalog by specifying the following information in the Variable

Description dialog box (Figure 6):

Name

Purpose (optional)
Initial value (if thevariableisan array, thisappliesto all eements) (an array isa set of values)

Type (integer, real, array of integers, array of real numbers)

Dimensions, if thevariableisan array (one, two, or three dimensions) and the size of each

VYanable Descnption ]

dimension
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Accept annceI ? Help

Figure 6. Variable Description dialog box
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19.1 Expressions

An expression can be a calculation, formula, function, or statement that suppliesa value or performs
an operation. Expressions can be used to supply numeric values, such as, mean times or trueffalse
values, such as, those used in Release Conditions. They can also be used to make changesin the state
of the model, such as, Beginning Effects and Ending Effects.

Each expression in Micro Saint must end with a semi-colon and can include any of the following
elements:

- Constants
- Variables
Functions (groups of expression that can be called or referred to)
- Comments
M athematical operators(+, -, *,/, ...)
- Assignment operator (:=)
- Adjustment operators (+=, -=, *=, /=)
Logical operators (>, <, &, ==, ...)

If-then-else and while-do statements

28.1 Scenario Event

A scenario event isan event that is scheduled to occur at specific times (in simulation time) during
model execution. These can be one-time events, or they can repeat at regular intervals. An example
of a one-time event would be setting a variable at simulation time zero indicating the number of
patientsto run through a medical treatment model. Scenario events are also used to change variable
values, thereby changing the state of the mode.

Scenario events are defined by supplying the following information for each event in the Event
Description dialog box (Figure 7):

- Time of occurrence
- Whether the event should repeat, and at what interval
- Time at which you want the event to stop repeating, if applicable

- Theexpressions you want executed at the specified time(s)
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Figure 7. Event Description dialog box

32.1 Data Collection During Model Execution

Data are collected during the execution of a Micro Saint model using a feature called snapshots.
Snapshots provide a way to collect values of variables at specified points during model execution.
You can program snapshotsto occur at specific clock times, when a task begins or ends, or when a
model execution ends.

Snapshots ar e defined by providing the following information in the Snapshot Description dialog box
(Figure 8):

- A namefor the document where the data are stored

- The*"trigger types’ for the snapshot (End of Run, Clock, Begin Task, End Task)

- Thenumber of thetriggering task, if applicable

- Thegart time, stop time, and repeat interval, as applicable, if the snapshot has a clock trigger

. Thenames of the variables for which you want to record values
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Snapshot Description
Edit
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Figure 8. Snapshot Description dialog box

In Figure 8 the example snapshot init, from the RAB modedl, tracesall errorsthat areinitiated during
the model execution. The snapshot istriggered at the end of task 6003, and collects the values for
variables pt_id (patient 1D number), error (the number of theerror initiated), and the task (the
number of the task in which the error wasiinitiated).

Once the snapshots have been defined, they can be set to On or Off during model execution. When
they areturned On, thevariable valuesare stored in a resultsfile with the extension .res. After the
fileis opened, the Analyze menu in Micro Saint can be used to generate statistics and create graphs
with the data. The data can also beimported into other statistical analysis packages.
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38.USING DISCRETE EVENT SIMULATION TO EVALUATE THE USE OF
RADIOACTIVE MATERIAL IN MEDICAL TREATMENT PROCESSES

This section presents a methodology for using DES to evaluate the safety of medical treatmentsthat
use radioactive material. Although the methodology was developed during the construction of the
RAB model (Section 7), it isfeasibleto build models of other medical treatments. The methodology
describes how to apply the concepts of DES using the Micro Saint modeling softwar e to these types of
medical processes.

In this section, a basic under standing of Micro Saint software isassumed and will be helpful in
under standing the examplesthat are supplied. However, an under standing of the expressonsthat
are given as examplesisnot required to comprehend the section’s overall content. For more
information on Micro Saint, see Section 5 or seethe Micro Saint User’s M anual.

38.1 Overview of the Methodology

In this methodology, the stepsto build a basic DES model are described. These steps are based on
the process followed during the construction of the RAB model. Each step of the methodology is
presented in the order it was performed during the development of the RAB model. The order may
be altered for different modeling efforts. Each step in the processisdescribed in the following
sections:

6.2 Collecting Initial Process Information

6.3 Building the Basic Network Diagram

6.4 Developing and Adding Error Distributionsto the M odel
6.5 Adding Error Dependencies

6.6 Adding Equipment Failures

6.7 Building Model Manipulation into the Event Queue

6.8 Collecting M oddl Execution Data

6.9 Verifying and Validating the M odel

6.10 Recommended Additions to the M odel

6.11 Using the M odel for Risk Assessment

Theremainder of Section 6 describes each of the stepsin the methodology. Each step includes
examples of how Micro Saint was used to mode the RAB process.

38.2 Collecting Initial Process Information

Thefirst step in developing a DES model isto under stand the infor mation requirements and how
they can be collected. Thefirst part of this section describes the information required to build the
model (Section 6.2.1). Thedescription of theinformation includes an explanation of how it isused in
the model. The next section describes the sourcesthat can be used to collect the required information
(Section 6.2.2). Thelast part of this section provides an introduction to gathering information from
subject matter experts (Section 6.2.3).

NUREG/CR-5362 28



Remote Afterloading Brachytherapy DES project

38.2.1 Information Requirements

Although a formal task analysisis not necessarily required, some method of identifying the individual
tasks, task sequences, task times and distributions, and sequence logic in the processis needed.
Additional information that is needed includes the human errorsthat could occur, the specific tasks
where errorscould beinitiated, the taskswhere errors could be caught, the mitigation procedur es
(correction of errorsor reduction of negative effects), the probabilities of initiating and catching
errors, and the error consequences.

Likewise, an under standing of the equipment involved is also necessary to model the role of hardware
and softwarein amedical process. The equipment analysis should link the equipment to tasks from
the task analysis, aswell as, document, if possible, the reliability of equipment components, identify
equipment failuresthat could affect the system, identify proceduresfor correcting equipment failures,
and identify consequences of equipment failures.

What followsis a detailed description of the information that needsto be collected prior to the
construction of amodel. The order in which thismaterial is presented does not necessarily imply an
order for gathering theinformation. For efficiency, much of the information can be gathered at the
same time.

Function/Task List

Thetreatment processthat isto be modeled can often be decomposed into functions and tasks. A
function is a piece of a processthat is made up of more detailed parts organized into a logical
grouping. Depending on the level of detail required for the analyss, the functions can be further
broken down into subfunctions and tasks. A task isa discrete event or action that is part of the
process. Tasksrepresent the lowest level of process decomposition.

The product of this step will be a function/task list that describesthe process. Thelist will include a
name or short titleand a description for each function and task identified. The following exampleisa
portion of the function/task list from the RAB moddl.

The RAB model is composed of the following five functions:
1. Patient Preparation
2. Treatment Planning
3. Treatment Delivery
4. Post-Treatment
5. Quality Assurance and M aintenance
Thefirs function, Patient Preparation, is composed of the following five subfunctions:
Patient scheduling, identification, and tracking
Patient instruction
Life support monitoring

Applicator placement and stabilization

o & w DN PP

Patient transportation
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Thefirst subfunction Patient scheduling, identification, and tracking, of the first function is composed
of the following tasks:

1. Receivearequest for treatment of a specific patient

Schedule treatment for the patient

Notify the patient and staff of the treatment schedule

Arrangefor transport of the patient to the treatment area

Track the transport and scheduling process

Receive and identify the patient when the patient arrives at thetreatment area
Notify the staff that the patient hasarrived

Arrangefor identification, transport, and support for the patient within treatment area

© © N o 00 &~ W DN

Initiate and process any requests for subsequent scheduled treatments
10. Arrangefor transport of the patient from the treatment area after treatment is completed

A completelist of functions, subfunctions, and tasksfor the RAB model is provided in Appendix A.

Function/Task Sequence Logic

The sequenceisthe order in which the functions and tasks occur in the process. Many of the
functions and tasks will proceed one after the other in alinear fashion. However, some may be
performed in parallel and others may be repeated during the process. The function/task list and
potential sequences are the two requirementsfor constructing a basic network diagram that
represents only the fundamental stepsin the process without human error or equipment failure
considerations.

In cases where the processis not linear, the logic that determinesthe order of the taskswill need to be
well understood. In the case of paralle tasks, you need to know at which point the path changesto
two or more paralle paths, and whether one of the paths ends or wherein the process the paths
converge. For tasksor sequences of tasksthat repeat, you need to know which tasksto repeat and
frequency of therepetition. An example from RAB processis performing the same actionsto place
each of several applicators.

A path may also split in the process where only onerouteisfollowed. These alternate paths may
occur when parts of the process are not performed for each treatment. Deter mining which path
should be followed can depend on factors, such as, treatment variations, personnel judgment, etc.
Theinformation gathered in this step should include a detailed under standing of the logic,
probabilities, and/or rulesfor these alter native sequences.

Task Times

In addition to the function/task sequence description, estimates of the time to execute each task is
required to develop the model. Task times can be characterized in a variety of ways depending on
the available information. In theideal situation, sufficient information can be gathered to compute a
mean, standard deviation, and time distribution for each task. In caseswherethisisnot possble,
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estimates of thetime distribution and its parameter s should be obtained from experts. See 6.2.3 for
mor e information on how information can be collected from subject matter experts (SMEs).

Potential Human Errors and Initiation Points for Errors

In addition to the tasks, potential human errorsthat could occur during the process need to be clearly
defined. Each task from the function/task list can be evaluated for potential errorsthat would

adver sely affect the process. During many actions, mistakes ar e often noticed immediately, and
corrected almost without realizing it. Errors, such asthese do not need to be modeled. Errors
should also be evaluated for their effect on the flow of the process. Some errors affect the process by
sKipping certain steps. Other errorsonly affect the flow of the process, if they are caught.

For the RAB mode, alist of all the relevant potential errorsidentified in the error analysswas
created. Each error inthelist included an identifying number and a short description. The following
isapartial list of theerrorsfrom the RAB model. The completelist of errorsfrom the RAB modd is
located in Appendix B.

Table 1. Partial list of errorsfrom the RAB model

Error | Description

6 Target locations in body misidentified.
7 I nappropriate applicator selected.
8
9

Applicator not placed correctly.

Applicator inadequately secured.

10 Connector incompletely mated to applicator.
11 Applicator position mislabeled.

12 Applicator distinction midabeled (for multiple
applications).

13 Applicator moved during transport.

Error Catch Points and Recovery Paths

The next step isto determine wherein the processthe errors could be caught; thisis called a catch
point. Each catch point should coincide with atask in the process. When an error iscaught, it can be
assumed that it will be successfully corrected or, if datais available, a probability of failing to
successfully correct theerror can be modeled. In the RAB moddl, it was assumed that any error that
was caught would be successfully corrected. In either case, it is necessary to understand the actions
that will be taken to correct the error because it may be possible toinitiate or catch other errors
while correcting an error. Often thisinvolvesreturning to an earlier point in the process and redoing
the tasks affected by theerror. The analysis should include a link between each error and thetask
whereit can be caught and the associated recovery path. In addition, it is necessary to under stand
whether or not the error can be caught beforeit causes an adver se consequence. 1t may not be
necessary to model error catch pointsthat occur after theerror has already caused a serious
problem.
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During the process of identifying error catch points, it may be found that some errors cannot be
caught at any point in the process. With respect to the safety of the process, this can be very valuable
information. Any such errors should be carefully recorded along with a discussion of why each one
cannot be caught. Thisisan example of identifying problemsin a processthrough the building of a
DES model.

Error Probabilities

Once it has been determined where an error can beinitiated and whereit can be caught, a method is
needed to indicate when they areinitiated or caught in the model. A probability can be tested against
arandom draw from a distribution to determineif an error will occur or be caught in the modd. A
zero probability meansthat the error never occursand a value of one meansthat the error occurs
every time.

Error probabilities can be built into the model in a couple of ways. A DES model will need values for
these probabilities. 1f estimates of probabilities can be obtained for the errorswithin the process,
then these values can be used asinputsto the model. A relative probability scalefor the errorscan
also be developed. Such a scalewould list theerrorsin order of relative probability of initiation,
relative probability of being caught, and, if necessary, the probability of being successfully corrected.
In order to use these scales within the model, relative values would have to be assigned to the errors.

Error Dependencies

Errorsare not always independent of each other. Theinitiation of one error sometimes has an effect
on thelikelihood or probability of other errors. Theserelationshipsare called error dependencies.
An example of an error dependency from the RAB processiswhen the error, Applicator inadequately
secured, isinitiated. Thisincreasesthe probability of initiating the error, Applicator moved during
transport. If the applicator isnot sufficiently secured against movement, the chances ar e increased
that it may move while the patient is being transported.

Another important type of error dependency are those errorsthat only apply to a specific scenario.
An examplefrom RAB istheerror, “ Applicator distinction misabeled.” Thiserror can only occur if
mor e than one applicator isbeing used. The information collected should include an under standing of
the potential dependencies between theerrors.

Potential Equipment Failures

Important pieces of equipment used in the process should be identified and associated with the steps
wherethey areused. Included should be a description of what equipment failures can occur that can
adver sely affect the process. For the purposes of modeling, the correction of these failures can betied
to human errors. Human errors, such as, Failure to notice equipment malfunction and Failure to
take correct action following system malfunction can be used to model the human responsesto
equipment failures.

One method of characterizing equipment failuresin a DES model isto usether frequency of
occurrence. Reliability data for a piece of equipment are often expressed in terms of a per-year
failurefrequency. If these data are available, potential equipment failures could be included in a DES
model and failure frequency values could be used to initiate them during model execution.
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Another method of evaluating the effects of equipment failuresisto initiate a specific scenario within
the model. Scenarios based on equipment failures can be developed from real-life occurrences or
from subject matter experts (SMEs). Each scenario could be built into a treatment model and
executed by the analyst rather than based on a failure frequency. Thisisthe method that wasused in
the construction of the RAB model. See section 6.6 for mor e information on modeling equipment
failures.

Error and Failure Consequences

The potential consequences of each human error and equipment failure can be useful for two reasons.
Firgt, they can be used as a check on the importance of each error and failure. 1f human error or
equipment failure do not affect the process flow either by changing the path or stopping the process,
or do not have a consequencethat is of interest, then that error should not be included in the moddl.
Second, consequences can also be used to trandate errorsand failuresinto process outcomes. This
will allow the model to not only identify the errorsor failuresthat have occurred, but also to predict
a process outcome resulting from this infor mation.

Level of Detail

The questions the mode! is designed to answer can affect the level of detail of theinformation that is
gathered. If themodd isintended to assessthe process at a very general levd, it is probably not
necessary to model each keystrokein a data entry process. Therequired level of detail can also
depend on whether a general model, suitable for multiple facilities, isto be created, or whether a site-
specific model isdesired. Inthe RAB moddl, the level of task detail was predeter mined by the
function and task list from NUREG/CR-6125.

Theleve of detail of the information that is gathered can also have significant influence on the
usability of themodel. It isimportant that thetask and error descriptionsare at the samelevd. If
thetasks are stated generally and the errors are very detailed, there may be some problems mapping
theerrorstothetasks. For instance, the number of pointsin a process where a type of human error
could occur may depend on the level of detail of the error description. An error with a general
description, such as, data entry error can be initiated or caught at several places during the process.
Thiscan create a problem if it isimportant to know exactly which data entry error wasinitiated or
caught within the modedl. Similarly, the description of an error can be so detailed that it is specific to
a particular task.

10.0.1 Information Sources

This section describes the sour ces of the information that can be used to develop a DES model of a
medical treatment. The description of each sour ceincludesthe type of information that can be
obtained. The sources presented include direct observation, written procedures, previous analyses,
occur rence reports, regulations, equipment user guides, and subject matter experts. Any information
collection effort will probably use combinations of many, if not all, of these sour ces.

Direct Observation

Much of the information can be collected by observing actual treatments. The tasks and task
sequencesin the process can be derived through observation. A record can be kept of the execution
times for each task and can be used to develop mean times, standar d deviations, and distributions.
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Actual observation can also help to provide a better under standing of the dynamics within the
process, these qualities cannot always be expressed in written material.

Onelimitation of direct observation isthat the need for patient confidentiality may prevent the
observation of the entire treatment process. The observation process may also beavery time
consuming activity depending on how many treatments are viewed and how long each treatment
takes. Also, it may not be possibleto clarify issues during a treatment session, and people may
behave differently if they know they are being observed.

Written Procedures

If written proceduresexist for the treatment process, they can be extremely useful. Thetasks and
task sequences can be developed from the procedur es without spending time observing actual
treatments. Once the processis understood, then direct observations and subject matter expertswill
be useful in clarifying issuesthat may arise. Note, however, that the written procedures may not
reflect how thetask isactually being done, and the quality of the procedures may affect performance
and error recovery.

Previous Task Analyses

If atask and/or error analysis has already been carried out for the processthat isto be modeled, then
reusing it may save consider able time and money. Any previous analysis should be car efully
reviewed to deter mine what pieces of the required information may already exist and if the analysisis
at the appropriate level of detail. Direct observations and discussions with SM Es can provide
supplemental information that may be difficult to relate in the written task analysis.

Occurrence Reports

Occurrencereports describe events or incidents that have occurred. They can provide a general
under standing of the types of human errorsand equipment failuresthat can occur in the process and
the consequences of those errors and failures. However, the reports may not be very detailed, and
discussons with SM Es may be required to obtain a more thorough under standing of the event and
theerrorsor failures. In addition, thereportstypically present a very limited picture of the process,
usually focused around the specific incident.

Regulations

Medical treatmentsinvolving the use of radioactive material areregulated. Theseregulationscan
often be used to define therisk analysis questions that are to be answered using the DES model. For
instance, the regulations may define treatment outcomes that must be reported to the regulatory
authority. The DES model can be used to assess the probabilities of these outcomes.

Subject Matter Experts

In the case of medical treatmentsinvolving the use of radioactive material, the personnel who can be
considered expertsin the process will usually be the radiation oncologists and the medical physicists.
Much, if not all, of the required information can be obtained through discussions with the subject
matter experts, or SMEs. SMEs can provide details and clarifications of task lists and task
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sequences. SM Es can usually provide estimates of task times, but these estimates will probably not
be as accurate asthe empirical data that can be gathered by direct observation.

Per haps the most important use of SMEsisfor understanding the human errors. The personnel who
provide the treatmentswill have a clear understanding of the potential errors, the pointsin the
process wher e the errors can occur, and the points wherethe errors may be caught. The SMEswill
also be able to describe the interactions or dependencies between theerrors. SMEs may be ableto
provide estimates for the probabilities of errorsaswell as estimates of the potential consequences that
each error may have. However, the ability and/or willingness to provide this type of information
depends greatly on theindividual expert. Some SM Es may be able to provide quantitative estimates
of the probabilities while other s may be willing to provide aranking of error likelihoods. A basic
under standing of the issues that arise while working with SM Esis recommended.

Equipment User Guides

The equipment used for medical treatmentsinvolving radioactive material often hasa user manual or
guide prepar ed by the manufacturer. Thisdocumentation can be used to create alist of the
equipment and an under standing of wher e each piece of equipment isused in the overall process.
However, this documentation will not include thereliability or failure data for the equipment. Such
information may be available from the manufacturer or from specific facilities usng the equipment.

10.0.2 Estimates from Experts

During the process of gathering information for the construction of the DES model, experts may be
ableto provide estimates for some of therequired information. Specifically, experts may be used to
estimate the probabilities of initiating and catching errors because little empirical data are usually
available regarding the frequencies of errorsin these types of medical processes. Techniquesthat
prevent the introduction of bias should be used to obtain thistype of information. The use of these
methods is widely documented; one of the most useful documentsis NUREG/CR-5424, Eliciting and
Analyzing Expert Judgment. Thisdocument includes specific techniques and instructions for
obtaining probability estimates from experts. The approach should be thoroughly under stood before
attempting to gather thistype of information.

10.1 Building the Basic Network Diagram

Once the necessary information is obtained, the construction of the model can begin. Thefirst stepis
to construct the network diagram as a graphical representation of the processflow. This section
describesthe stepsrequired to build the basic network diagram. Although different medical
processes have different modeling requir ements, examples from the RAB modd developed for this
study are provided. Similar modeling techniques should be used for other studies aswell.

The function-task hierarchy section describes how the functions and tasks can be graphically
represented in a Micro Saint network diagram (Section 6.3.1). The data collection and processing
multiple patients sections describe how these function nodes were used in the RAB network diagram
(Section 6.3.2). The branching logic section describes how decisions can be modeled and provides
examples of the expressions used to control the RAB model (Section 6.3.3). The section on
characterizing error initiation and catch points describes how errorswereincorporated in the RAB
network diagram (Section 6.3.4).
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In this section, the term function refersto two different concepts. Thefirst isasa part of the
hierarchy of functions and tasks. Here, theterm refersto high-level process descriptions that
coincide with the network nodesin the diagram. Later it isused to refer to programming functions.

10.1.1 Function - Task Hierarchy

Functions arethe highest level in the hierarchy of the network diagram. Each function from the
function/task list can berepresented by arectangular function node in the diagram. Each nodeis
connected to another node with a path and arrow that indicates the order in which the functionsare
performed in the model. The examplein Figure9 showstwo function nodes from the RAB modd,
patient prep and treatment planning, connected by a path showing that function two executes after

function one.

Figure 9. The arrow between the two functionsin the RAB model
showing the order of execution

Task Description 1]

Edit

Looking at Task |1 | > | Show * Expressions  Notes |
Task Number |:| Name |CuuntAppIicaturs ‘

Task Timing Inf ti
ask Timing Information Time Distribution Normal j
Mean Time: Standard Deviation:
triangular(2,1.4); ﬂ ﬂ
7] -
Release Condition and Task Execution Effects
Release Condition: Beginning Effect:
1 ] B
= -
Launch Effect: Ending Effect:
] ]
= -

Accept anncel ? Help

Figure 10. Task Description dialog box for the Count Applicators task
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Within each function, networks of subfunctions and/or task nodes are built in the sameway. Each
task identified during the information collection effort is modeled as a task nodein the network
diagram. Nodes ar e connected with arrows that show the order in which they are executed. Each
task node contains the name, task execution time, and time distribution associated with the task.
Figure 10 shows a Task Description dialog box from the RAB model; the purpose of thetask isto
count the number of applicators. Although the time distribution field indicates Normal, a triangular
gtatistical function is being used in the mean timefield to determine the task time. Thisreflectsthe
data that was available for the RAB mode.

10.1.2 Collecting Model Execution Data and Processing Multiple Patients

In addition to showing the flow of the tasks, the network diagram can include additional nodesthat
arenot part of the process being modeled. These nodes can be used for collecting data during the

execution of the model and for processing multiple patients. Although both of these can be donein
many ways, the method used for the RAB mode is presented.

In the top-level network diagram of the RAB model, the function nodes Collect Data and Next Patient
were added. The Collect Data function node was inserted asthe second-to-last function node and the
Next Patient function node was inserted asthe last function node. A path wasthen drawn connecting
the Collect Data function node to the Next Patient function node, and from the Next Patient function
node back to thefirst function node (patient prep) of the network (Figure 11).

A4

AN
7| patient treatment treatment Collect Next
prep planning ddivery Data Patient

Figure 11. Addition of Collect Data and Next Patient functions

10.1.3 Branching Logic

When a process can follow mor e than one path after a specific function or task, branching logicis
used by the mode to deter mine which branch(es) will befollowed. Multiple pathsin the processare
shown in the network diagram by more than one path line exiting from a single node. For additional
information on decision types and routing conditions, refer to Section 5.4, or see the Micro Saint
User’sManual.

Therest of this section shows examples of decision typesthat may be needed when building the
network diagram. Also included isa description of how branching logic was used for multiple patient
processing in the RAB mode.

Example 1 - Probabilistic Decision

Thefirst example from the RAB modd is a network diagram with a branch of three different paths
and a Probabilistic decision type. In thisexample, the treatment plan can be entered in the treatment
system in three different ways: through the memory card, manually, or using a computer-stored plan
(Figure 12).
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Figure 13. Decision Description dialog box for a three-way branch

Figure 13 shows the Decision Description dialog box for the decision node. The decision typeis
Praobabilistic and each routing condition expression isa value. In thisexample, the probability that
the memory card will be used is 0.5, and the probabilities for the manual entry and computer-stored
treatment plans are each 0.25. Micro Saint selectsthe path to be followed based on these
probabilities.

Example 2 - Tactical Decision
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The second example shows a sequence of tasksthat are repeated. The network diagram in Figure 14
shows a task sequence for placing an applicator in the RAB process. Thereturn path isused to

execute the same sequence of tasksfor each applicator, if more than one applicator isused.

Thedecision typein thiscaseis Tactical and the Routing Condition usesthe variablestot_applsto
record how many applicators areto be used and appl_num to record how many applicatorswere
placed (Figure 15). Thevariabletot_applsisset at the beginning of the model execution to thetotal
number of applicators needed for thetreatment. In the previoustask node, the variable appl_numis
set to zero in the Ending Effect in the Task Description dialog box. This meansthat the number of
applicators placed is set to zero.

In the Ending Effect of the next applicator node, the variableisincremented by one using the expression
appl_num +=1;. Therouting conditions check to seeif all the applicatorswer e placed by comparing
the appl_num variableto thetot_applsvariable. Figure 15 showsthe Decision Description dialog

box. If all applicatorswere placed, then the path to the next task node isfollowed. If lessthan the
total number of applicators wer e placed, then the path to the select applicator node is followed.

Description of Decision

2 Figure 15. Decision Description-dialog-boxfor| Tactical decision
Looking at Decision ‘:T >

Task Name next applicator Decision Type m

Mext Task: Routing Condition: ~ More * |
4 appl_num == tot_appls:

next task

2 appl_num < tot_appls;

select

<
=
)
=
]
<

\_HIP_ILILEILHI'_ILILEILHI'_

Accept xtiancel ? Help

Example 3 - Tactical decision for multiple patients
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Asanother illustration of a Tactical decision, the node called Next Patient isused to process more
than one patient (Figure 16).

AN AN
7| patient treatment treatment 7| Collect Next
prep planning delivery Data Patient

Figure 16. Task diagram for multiple patients

Within the Next Patient network node, two task nodes called next patient? and no more patients were
created. The examplein Figure 17 shows how these two nodes wer e connected. The circlewith the
number 1 representsreturning to the beginning of the model to start the next patient.

Figure 17. Task diagram showing connection between nodes

A Tactical decision type was used to control the branching logic. The Description of Decision dialog
box isshown in Figure 18. Thevariable num_ptsisthe total number of patients designated to run
through the model and the variable pt_id counts how many patients have been run through the
model. If all the patientsaretreated, then the model run ends. If the number of patientstreated

(pt_id) islessthan the total number of patients (hum_pts), then the path back to the beginning of the
model isfollowed to begin the treatment for the next patient.
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Figure 18. Decision Description dialog box showing routing conditions for multiple patients

In the model, two Micro Saint programming functions (see section 5.6) called NEW_PT and
INIT_PT_VARSwereused (capital letterswere used to denote programming functions). The new
patient programming function (Table 2) NEW_PT tracks how many patients have been through the
model by incrementing the pt_id and calls the programming function INIT_PT_VARS, which resets
thevariablesfor counting errors. The call for the NEW_PT programming function can be put in the
Beginning Effect of the very first nodein the model so that it isexecuted for each new patient.

Table 2. New patient programming function code

NEW_PT function

pt_id+=1;
INIT_PT_VARS;
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Matrices of variables called arrays® are used in the model to record the errorsfor each patient (see
Section 6.3.4, Characterizing Error Initiation and Catch Points). Thesevariablesarereset to zeroin
the INIT_PT_VARS programming function (Table 3). For additional information on array variables
and Micro Saint functions, refer tothe Micro Saint User’s M anual.

Table 3. Initialize Patient Variables programming function code

INT_PT_VARS function

error:=1;

while (error<total errors) do
initiated[error]:=0,
initask[error]:=0,
caught[error]:=0,
caughtask[error]:=0,

error +=1;

10.1.4 Characterizing Error Initiation and Catch Points

This section describes how error initiation and error catch points can be created in a network
diagram. Thedescription includes single and multiple error initiations, single and multiple error
catches, and combined error initiations and catches. I1n addition, examples of different error
initiation pathsand error recovery paths are presented. Section 6.4 describes the routing conditions
and examples of expressions from the RAB model that can be used to control the error branching.
The examples are very detailed and areincluded to provide a clear under standing of how this part of
the methodology works.

Error Initiations

Error initiation can be modeled with a branch that uses a M ultiple decision type and a node for
representing theerror. A Multiple decision typeis used because morethan one error may be
initiated or caught at a singletask. The probabilities of initiation and catch for each error are used
within the task to deter mine when the specific errorsare initiated and when they are caught. Thisis
described in greater detail in section 6.4.

Using a consistent convention for naming the error nodesis suggested. In the RAB modd, each error
initiation node has the name +HE followed by the number of theerror. For example, a node with the
name +HE1 was created to indicate a node where error number one can potentially beinitiated. In
the network diagram, task nodes wherethe error can occur were connected with the error initiation
node. In Figure19theerror +HE1 can beinitiated by task node 1. If theerror does not occur, the
path from task node 1 to task node 2 isdirectly followed. If the error does occur, the path to error
node +HE1 isfollowed. The path from the error node isthen followed to the appropriate node
elsewherein the model. I1n the example, the error nodeis connected to task node 2.

2Theterm array is a programming term for a set of variables that has the same name but is indexed by
number. For example, the array variable “patient[8]” indicates the eighth position in the patient array.
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Figure 19. Path connection for the error initiation node

If morethan oneerror can beinitiated from a task, then a path from the task node to each of the
error initiation nodesisused. Figure 20 showsthat errors+HE1 and +HEZ2 can beinitiated from
task node 1.
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Figure 20. Path connections for multiple error initiated from a single task

Error Catches

For each point wherean error could be caught, the name -HE was used followed by the error
number. A nodewith the name-HE1 meansthat error 1 could be caught. Error catching (or
mitigation) was modeled by creating a path from the error catch node back to the appropriate point
in the process. Figure 21 shows an example of the network diagram for a catch point of -HEL. If the
error isnot caught, the path from task node 1 to task node 2 isfollowed. If theerror iscaught, the
path from task node 1 to theerror catch nodeisfollowed. The mitigation path returnsto a logical
point in the processfor mitigating theerror.
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Figure 21. Network diagram showing an error catch

When morethan oneerror could be caught in the sametask, a node called mitigation routing and a
Tactical decision type can be used to deter mine which error mitigation path should be followed.
Figure 22 shows mitigation pathsfor each of two errorsthat could be caught, -HE1 and -HE2. When
morethan one error is caught, the mitigation path that goes furthest back in the processis chosen.

Figure 22. Mitigation pathsfor two errorsthat could be caught

Multiple Initiations and Catches

Some processes may contain tasksin which errors can be both initiated and caught. These instances
can be modeled with a combination of error initiation and catch nodes, a mitigation routing node, and
an associated recovery path. Figure 23 shows an example in which error 4 can beinitiated and error
2 can be caught by task node 1. The mitigation routing node is used to deter mine which path is
followed based on which error wasinitiated or caught. If error 4 isinitiated, the path to the next
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node, task node 2, isfollowed. If error 2 iscaught, even if error 4 isalso initiated, then the error
mitigation path is followed.

Figure 23. Example of a network diagram showing initiated and caught errors

10.2 Developing and Adding Error Distributions to the Model

This section describesthe logic and expressionsthat control how errors can be initiated and caught
within a model based on their probabilities. Examples of the expressions areincluded with the
explanations of the modeling logic for those interested in the details of the methodology. However,
under standing the expressionsis not necessary to compr ehend the overall content of this section.

Thefirst section discusses the development of two probability distributions: one for probabilities of
initiating errorsand one for probabilities of catching errors (Section 6.4.1). The next section
discusses how these distributions can be used within Micro Saint to determine whether errorsare
initiated or caught within amodel. Two functionsfor that purpose are presented in Section 6.4.2.
Thelast section continues with examples of the expressonsthat are used to control the branching at
each point in the network where errors can be either initiated (Section 6.4.3) or caught (Section
6.4.4).

10.2.1 Probability of Error Initiation and Catch Scales

Theinformation requirementsfor theerror list described in section 6.2.1 include valuesfor the
probabilities of initiating and catching each error. The valuesfor these probabilities could be unique
for each error. Inthe RAB maodel, over 100 errorswith their corresponding probabilitiesarein the
error list (Appendix B). For ease of estimation, the data wer e clustered into two seven-point scales of
relative probability: a scalefor the error initiation and a scalefor error catching. Therange of each
scaleincluded the following relative terms: very very low, very low, low, medium, high, very high,
and very very high. Thisscale provided sufficient variability within the range of valuesto reasonably
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cluster the data so that each error initiation and catch value could be represented by one of the seven
pointsin each scale.

All seven points of each scale do not necessarily haveto be used. I1n the RAB modedl, only two of the
pointsin the error initiation scale were needed to represent the data. A variable was assigned to each
point of each scale. Variable nameswere selected to represent each value on each scale, e.g. iviow for
very low initiation value and the name cmed for medium catch value. Variablesfor all 14 valuesfrom
the two scales were created thisway. These variablesallow a user to change the values within each of
the relative probability scalesfor different types of model analysis.

10.2.2 Initiating and Catching Errors

Thenext step in creating an error distribution isto develop a method for identifying whether errors
areinitiated and caught based on the associated values from each of the seven-point probability
scales. Thiscan be done by drawing arandom number and comparing it with the probability value
for a specific error. For example, suppose an error hasalow probability of initiation and the ilow
value from the probability scaleis.01. If a random number between zero and oneisdrawn and is
lower than .01, theerror isinitiated. In addition, expressonsin the model can be used to record
which errorswereinitiated, which errorswere caught, and the task number where this occurred.

In the RAB model, two Micro Saint programming functions wer e developed to compare error
probability valuesto random numbers. Thefirst isnamed ERRORINIT (Table4). This
programming function is used to determine whether a specific error will beinitiated. A random
number programming function, random(), that returns a number from a uniform distribution over
therangeof O-1isused. Thisvalueisassigned to thevariable, testrand, and is compar ed with the
probability of initiation for the error, pinitiateferror]. If testrand islessthan or equal to
pinitiateferror], then theerror isinitiated. The programming function then setsa flag for theerror
initiation, records the number of thetask at which the error wasinitiated, and resetsthe error caught

flags.

Table4. Error Initiation programming function code

Function ERRORINIT

testrand:=0;

while testrand == 0 do testrand:=random();

if testrand <= pinitiate[error] then initiated[error]:=1,
initask[error]:=task, caught[error]:=0,
caughtask[error]:=0;

The other programming function, ERRORCAUGHT (Table 5) determines whether a specific error
will be caught. It compares a random number against the probability of catching theerror if it has
already been initiated. If the error iscaught, the programming function setsthe error caught flag,

recordsthe task number wherethe error was caught, and resetsthe error initiation flag.
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Table5. Error Caught programming function code

Function ERRORCAUGHT.

while testrand==0 do testrand:=random();

if testrand <= pcaught[error] & initask[error] <> 0 then
caught[error]:=1, caughtask][error]:=task,
initiated[error]:=0, initask[error]:=0;

The next step isto create the expressionsfor each error initiation and catch point that will be used in
the model to deter mine when the specific error isinitiated or caught at the specific location. Thiscan
be accomplished in many different ways. The following examples show how thiswas done for the
RAB model.

In the RAB modd, the expressions for initiating and catching errorsarein four placesfor each error
node. Three of these arethe Task Description dialog boxesfor the task node wheretheerror can be
initiated, the node following the error initiation, and the one or more error nodesfor that task. The
fourth placeisin the Decision Description dialog box for the path branch to theerror node.

Each of the following examplesin sections 6.4.3 and 6.4.4 include the expressions as they were used in
the RAB modd. Each examplerefersto either the Release Condition or Ending Effect for a specific
task node.

10.2.3 Error Initiations

Figure 24 shows a diagram illustrating an initiation point for thesingleerror +HE1. Table 6
provides the expressions controlling the error initiation.

In the Ending Effect of Node 1, the expressions set thetask and error numbers, set the
probability of initiation of thiserror to low and call the ERRORINIT programming function.
If theerror isinitiated, theinitiation counter, initiated[1], equals 1.

In the Decison node following Node 1, the Routing Condition checks the initiation counter and
followsthe path to the next nodeif the error hasnot been initiated, initiated[1] == 0. If the
error has been initiated, the path to the error initiation node is followed.

If theerror isinitiated, the expressionsin the Ending Effect of the error node (Node 3) reset
theerror initiation flag. Thisisdone for instances wher e the specific error may be initiated in
mor e than one placein themodd. Theinitiation counter isreset so that another initiation of
theerror ispossble.
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Figure 24. Diagram showing initiation point for the singleerror

Table 6. Error Initiation expressionsfor asingleerror

L ocation Field in dialog box Expressions
Node 1 Ending Effect task :=1;
eror :=1;
pinitiateferror] = ilow;
ERRORINIT;
Decision node Routing Conditions | Next Node 2: initiated[1] == 0;
following Node 1 Next Node 3 initiated[1] == 1;
Node 3 Ending Effect initiated[1] :=0;

Figure 25 showsan error initiation point for +HE1 and +HE2. Table 7 providesthe expressions

49



Remote Afterloading Brachytherapy DES project

controlling the error initiation.

- Theexpressonsin the Ending Effect of Node 1 set the task and error numbers, set the
probability of initiation of error 1 to low and call the programming function ERRORINIT.
The same expressions are set for error 2 with a probability of initiation of error 2 set to
medium. Thevariable mult_error countsthe number of errorsthat wereinitiated.

In the Routing Conditionsin the Decision node following Node 1, if neither of theerrorsis
initiated then the path to the next nodeisfollowed. If either error isinitiated, the path to that
error initiation nodeisfollowed. If both errorsareinitiated, then both pathsto theerror
initiation nodes are followed. Asaresult, the patient entity splitsto traverse both of theerror
paths.

In addition to the error initiation counters, the expressionsin the Ending Effect of each error
initiation node (Nodes 3 and 4) decrement the multiple error counter to show that the path to
that error initiation node is completed.

. The Release Condition for Node 2 evaluatesto true only if all multiple paths were completed.
This condition recombines any split entitiesto ensure that they are not traversing therest of
the network diagram.
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Figure 25. Error Initiation pointsfor multipleerrors

Table 7. Error Initiation expressions for multipleerrors

L ocation Field in dialog box Expressions
Node 1 Ending Effect task :=1;
eror :=1;
pinitiateferror] = ilow;
ERRORINIT,;
eror 1= 2;
pinitiateferror] := imed;
ERRORINIT;
mult_error :=initiated[1] +
initiated[2];
Decision node Routing Conditions | Next Node 2 mult_error ==0;
following Node 1 Next Node 3 initiated[1] == 1;
Next Node 4 initiated[2] == 1
Node 3: +HE1 Ending Effect: mult_error -= 1;
initiated[1] :=0;
Node 4: +HE?2 Ending Effect mult_error -= 1;
initiated[2] :=0;
Node 2 Release Condition mult_error ==0;

17.0.1 Error Catches

Figure 26 shows a catch point for thesingleerror -HE1. Table 8 provides the expressions controlling
theerror catching.

. Theexpressonsin the Ending Effect of Node 1 set thetask and error numbers, set the catch
probability of error 1 to high, and call the function ERRORCAUGHT.

In the Routing Conditionsin the Decision node following Node 1, the path to the next nodeis
followed if theerror isnot caught. If theerror iscaught, the path tothe error catch nodeis
followed. The mitigation path isthen followed from the error catch node.
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Figure 26. Error Catch for singleerror
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Table 8. Error Catch expressionsfor asingleerror

L ocation Field in dialog box Expressions
Node 1 Ending Effect task :=1;
eror :=1;
pcaught[error] :=
chigh;ERRORCAUGHT;
Decision node Routing Conditions Next Node 2 caught[1] == 0;
following Node 1 Next Node 3 caught[1] == 1;

Figure 27 shows the catch pointsfor errors-HE1 and -HE2. Table 9 provides the expressions
controlling the error initiation.

. Theexpressonsin the Ending Effect of Node 1 set the error and task numbers, set the catch
probability for error 1 to high, and call the function ERRORCAUGHT. The same expressions
are used to set the catch probability of error 2 to very high. The variable mult_caught counts
the number of errorsthat wereinitiated.

In the Routing Conditions in the Decision node following Node 1, the path to Node 2 isfollowed
if noerrorswere caught. If either error was caught, then the path to the appropriate error
catch node isfollowed. If both errorsare caught, both pathsto theerror catch nodesare
followed, creating two entities.

. Theexpresson in the Ending Effect for each error catch node (-HE1 and -HE?2) decrements
the multiple error caught variable to indicate that the path is complete.

. The Release Conditions for the mitigation routing node evaluatesto zero only if all multiple
paths are completed. The Routing Condition from the mitigation path node deter minesthe
single mitigation path to follow. If both errorswere caught, the mitigation path that goes
farthest back in the processisfollowed.
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Figure 27. Error Catch for multipleerrors

Table 9. Error Catch expressionsfor multipleerrors

L ocation Field in dialog box Expressions
Node 1 Ending Effect task :=1;
eror :=1;
pcaught[error] := chigh;
ERRORCAUGHT;
eror :=2;
pcaught[error] := cvhigh;
ERRORCAUGHT;
mult_caught := caught[1] +
caught[2];
Decision node Routing Conditions Next Node 2 mult_caught == 0;
following Node 1 Next Node 3 caught[1] == 1;
Next Node 4 caught[2] == 1;
-HE1 Ending Effect mult_caught -= 1,
-HE2 Ending Effect mult_caught -= 1,
Mitigation routing | Release Condition mult_caught == 0;

Figure 28 shows an error initiation point for +HE4 and an error catch point for -HE2. Table 10
provides the expressions controlling the error initiation and catch points.

- Theexpressonsin the Ending Effect of Node 1 set the task and error numbers, set the
probability of initiation of error 4 to low, and call the programming function ERRORINIT.
For error 2, the catch probability is set to very high and the programming function
ERRORCAUGHT iscalled. Thevariablesmult_error and mult_caught count theerrors
initiated and the errors caught, respectively.

In the Routing Condition, the path to Node 2 isfollowed if no errorswereinitiated or caught.
If either error 4 isinitiated or error 2 iscaught, then the path to the appropriate error nodeis
followed. If both occur, the pathsto both errorsnodes are followed creating multiple entities.

- The Ending Effectsfor each error node (+HE4 and -HE?2) will decrement the multiple error
countersto indicate that the paths were completed.

. The Release Condition for the mitigation routing node evaluatesto true only if all multiple
paths were completed. The Routing Conditionsfor the paths from the mitigation routing node
determine whether to follow the path to Node 2 or the error mitigation path. In all cases, if
error 2 iscaught, the error mitigation path will be followed. If only error 4 isinitiated, the
path to Node 2 will be followed.
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Figure 28. Diagram showing error initiation and error catch points

Table 10. Error initiation and catch point expressions

L ocation

Dialog box

Expressions

Node 1

Ending Effect

task :=1;

eror :=4;
pinitiateferror] = ilow;
ERRORINIT;
mult_error :=initiated[4];
eror :=2;
pcaught[error] := cvhigh;
ERRORCAUGHT;
mult_caught := caught[2];

Decision node
following Node 1

Routing conditions

Next Node 2 mult_error + mult_caught == 0;
Next Node 3 initiated[4] == 1;
Next Node 4 caught[2] == 1;

+HE4 Ending Effect mult_error -= 1;
initiated[4] :=0;
-HE2 Ending Effect mult_caught -=1;

mitigation routing

Release condition

mult_error + mult_caught == 0;

The expressions described in the examples were designed to allow any number of error initiations
and/or error catchesto occur at any point within the model. This allowsthe modeler to express any
combination of error initiations and catchesthat can occur during a process.
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27.1 Adding Error Dependencies

This section describes how error dependencies can be added to a model. Theresults section of this
report discusses the effect that the use of error dependencies had on the RAB model. 1t wasfound
that the limited number of dependencies modeled had very little effect on the results. A more

thor ough use of dependencies may have a different effect. See section 9.1 for more information.

Error dependencies affect the probabilities of certain errors. If a specific condition has been met in
the model, the probabilities of initiation or catch are changed for a specific error based on
dependency.

In the RAB modd, expressionsfor theerror dependencies were entered in the Ending Effect for the
task nodeswhere errors could beinitiated or caught. The following example (Table 11) showsthe
dependency between error 9 and error 13. If error 9, Applicator inadequately secured, has been
initiated, then the probability of initiating error 13, Applicator moved during transport, isincreased.
In the expressions below, error 13 can beinitiated at task 140. If error 9 has been initiated, then the
probability of initiation for error 13 is medium; otherwise, if error 9 has not been initiated, the
probability of initiation for error 13 islow.

Table 11. Ending Effect dependency code example

task := 140;
error :=13;
if initask[9]<>0
then pinitiate[error]:=imed
else pinitiate[error] := ilow;
ERRORINIT;
mult_error :=initiated[13];

Another type of dependency that affects how errorsareinitiated arethose that are scenario-
dependent. Errorsthat are associated with recovery from an equipment failure, for example, can
only occur if an equipment failure hasoccurred. Likewise, errorsassociated with misabeling
multiple applicators can only occur if more than one applicator is used.

27.2 Adding Equipment Failures

Including equipment failures within the model can be achieved in two different ways. One method of
characterizing these failuresin a DES modd isto usetheir frequency of occurrence. Rdiability data
for a piece of equipment are often expressed as a probability of “ on demand failure’ i.e, the expected
number of failuresin a specified period of time, usually one year. Potential equipment failures can be
included in a DES model using failure nodes smilar to the error nodes. The demand failure
probabilities could be used to initiate them during mode execution. Equipment recoveries could be
modeled in the sameway asthe error catches. In thisway, the effects of the equipment failureson
risk can be analyzed along with the human errors.

Another method of evaluating the effects of equipment failuresisto initiate a specific scenario within
the model. Scenarios based on equipment failures can be developed from real-life occurrences or
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from subject matter experts (SMEs). Each scenario could be built into a treatment model and
executed by the analyst. Thisallowsthe analyst to evaluate the effects of an equipment failure on the
process without having to execute the model until a frequency-based failure occurs. The method of
analyst executed equipment scenarios was used in the RAB modd.

In the RAB modd, a variable was set to either zero or onetoindicate whether a specific equipment
scenario was Off or On respectively. The variable wasthen used as part of the error dependency
expressionsfor those errorsassociated with the equipment scenario. If the scenario variable was set
to one, then the associated errorswereinitiated based on their probabilities. The scenario variable
can also be used in a Routing Condition to select alternate pathsthat might be followed depending on
the details of the equipment failure scenario.

27.3 Building Model Manipulation into the Event Queue

The Event Queueisused for scheduling eventswithin the model. An event can be used to set variable
values at specific times during the execution of the model (see Section 5 or the Micro Saint User’s
Manual). For the purposes of thistype of model, the majority of the values are set at smulation clock
timezero. Thevaluesare set at the beginning of the smulation to control the mode execution.

Events of thistype are defined in an the Event Description dialog box (Figure 29). The eventsare set
to perform at time 0.00. There are default valuesfor repeat intervals and stopping values, but since
thereisno check mark in the repeating box, these parameters are not activated. The values set by
the event can be anything pertaining to the model. The example showstwo values from the RAB
model. The number of patientsfor thisexecution of the model is set to 1000 (num_Pts:=1000;), and
the equipment failure scenario isturned off (eq_failure:=0;). Another such event in the RAB model is
used to set the valuesfor theerror initiation scale and the error catch scale.

Edit
Looking at Event  |0-00 < | > |
Perform at Time |I].l]l] |

_ | Repeating

Hapsat nfarssd |1.|]I]I] |

v S

Stop Thae |1 000.00 |
Expressions:
num_Pis:=1000; ﬂ
eq_failure := 0;

i

Accept x[:anc:el ? Help
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Figure 29. Event Description dialog box

By setting these values, the Event Queue can be used to change the way the model is executed. The
number of patients can be changed if mode resultsfor a specific number of patientsisdesired. The
effects of equipment scenarios can be studied by comparing the results of different executions of the
model with these scenariosturned On and Off. The effects of changesto the error initiation and
catch scales can also be studied in the same way.

27.4 Collecting Model Execution Data

Data collection within the model captures details of model execution. These details take the form of
valuesfor specific variables at specific times during model execution. Recording the number of
errorsthat wereinitiated at each task helpsthe analyst to identify tasks with a high frequency of
error aoccurrence and tasksthat areimportant to safety. For instance, it may be important to record
each error that has been initiated and each error that has been caught. The node number at which an
error wasinitiated or caught may also be important.

In aMicro Saint model, data collection uses a featur e called snapshots. A snapshot recordsthe
values of variables at specific points during model execution. Each snapshot creates a resultsfile
containing the recorded data. For moreinformation on snapshots and data collection, see Section 5
or seethe Micro Saint User’sManual. Intheremainder of this section, examples of how data were
collected in the RAB modd are presented. The data includesthe information the user inputsinto the
model, the patient profile inputs, the errorsinitiated for each patient, and the errors caught for each
patient. Several other types of data can be collected depending on the questions the model isto
address.

In the network diagram for the RAB model, a rectangular network node was included called Collect
Data (see 6.3.2). Within that network, four nodes wer e created called I nput Data, Pt I nput Data,
Collect Init Err, and Collect Caught. Snapshotsfor these four nodes were used to record the general
input into the model, the specific inputsfor each patient, the errorsthat wereinitiated, and theerrors
that wer e caught respectively. The following example shows how the data collection is donefor all
theerrorsthat wereinitiated.

Collect Error Initiation Data: an Example

A snapshot was created called init to collect the data for each initiated error. Figure 30 showsthe
Snapshot Description dialog box for this snapshot. Asisshown in the Variablesto Storefield, the
snapshot collectsthe values for each of threevariables, pt_id, error, and task. The snapshot example
istriggered on task 6003 and the Trigger Typeis End Task. 6003 isthe number of the nodein the
data collection network called Collect Init Err. The Repeating and Stop values are only needed when
the Trigger at Timevalueisused. The expresson start(6003, tag) was added to the“ if” statement in
the programming function ERRORINIT (the variable tag was not used by the RAB moded but is
required in the syntax of the expression by Micro Saint). This statement executes the Collect Init Err
task each timean error isinitiated in the ERRORINIT function. When thetask isinitiated, the
snapshot recor ds the patient identification number, the number of the error that wasinitiated, and
thetask in which it wasinitiated. Thesevaluesare stored in afilecalled init.res. Thefile contains
thisinformation for all the patientsthat were smulated in the model. The model can record any
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variable valuein the same way.

Snapshot Description <]

Edit

Looking at Snapshot

Document Name |init |
Trigger Type |En|:| Task j|
Trigger on Task (6003 | collect init err
Tringer at Time |1 00.00 |
— | Plepeating
Hapoat nteresl |1 0.000 |

vl Biop
’732@5; i |2l]l].l]l] |

Variables to Store:
pt_id error task -

N

Accept xI:anceI ? Help

Figure 30. Snapshot Description dialog box

Additional Model Execution Data Collection

The previous examples showed how data wer e collected for errorsinitiated for each patient. In the
same manner, a snapshot was used to collect the error catchesfor each patient. Thefollowing are
examples of other data collected in the RAB model. All of these data can be established from the two
resultsfilesfor error initiationsand error catches. However, asthe number of patientsincreases, the
data analysis becomes more difficult. Organizing related data into smaller, more specific resultsfiles
proved more useful.

Errorsremaining. Theerrorsremaining arethose errorsthat wereinitiated but not caught for
each patient. In the RAB modedl, the array variableinitask[error] tracks thelocation at which
each error wasinitiated. Thevaluesarereset when an error iscaught or for each new patient.
For each patient, the errorsremaining and the tasks where they were initiated wer e collected
from thisarray beforeit wasreset for the new patient.

Total errorsinitiated. A variablewasused asa counter in the ERRORINIT programming
function that recordsthetotal number of errorsinitiated.

Errorsper patient. Thetotal errorsinitiated was divided by the number of patientsthat were
simulated in the model to obtain the average number of errorsinitiated per patient.

Error initiations per task. Theerror initiations per task wer e recorded to see which tasks have
the most initiated errors. An array for all thetasksin the modd was created and used in the
ERRORINIT programming function to keep count of theerror initiationsfor each task.
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- Initiations per error. The number of initiations per error wererecorded to determine which
errorsare being initiated most often. An array of theerrorsfrom theerror list wasused in the
ERRORINIT programming function to count the number of timeseach error isinitiated.

32.1 Verifying and Validating the Model

This section describes the process of verification and validation (V& V) for a DES model. Included
arereasonswhy V&V isnecessary, descriptions of the purpose, and a proposed schedule of when it
can be performed during the modeling process. Section 6.9.1 discusses the issues of model
verification and section 6.9.2 presentsthe issues of model validation.

32.1.1 Model Verification

The purpose of verification isto make certain that the model functions asit was intended.
Verification is performed by testing and exercising the model thr oughout the mode building process.
Thefirst way to test the model isto attempt to executeit. The Micro Saint software locates and
presents any syntax errorsthat may have occurred while creating the model. Executing the model
after any additions are made will ensurethat syntax errorsare addressed promptly.

Once the model executes without syntax errors, the next test isto trace the paths that the model takes
to deter mine whether the decision nodes contain any logic errors. If the model is small, this process
can be easy. However, asthe size of the model increases, tracing each path can become time
consuming.

Another way to test the model isto examine theresultsfilesto determineif the correct data has been
recorded. If 100 patients were simulated, then data should be recorded for 100 patients. Thefiles
containing errorsinitiated and errors caught should also bereviewed. Some problems, such as, only
one specific error ever being initiated, are obvious (many different errors should probably be
occurring). Theerrorsinitiated and caught can be compared against the nodes wher e each occurred
in the network diagram to determine if they were processed correctly. Theerror resultsfiles can also
be examined to be certain that the errors being caught for each patient have actually been initiated
for those patients.

Thefinal way to test the model isto analyzetheresultsfiles. Thiscan be useful in two ways. First
determine whether the results of the analysis seem reasonable; if not, the model may not be
functioning asit was designed. Next, attempt to refine the data output; this may identify different
kinds of data to collect or that the data needsto be presented in a different way.

32.1.2 Model Validation

The purpose of validating a DES modd is to confirm that the model accurately represents the process
that isbeing smulated. If empirical data on the process are available, the accuracy of the model can
be assessed by comparing these data to the data output from the DES. However, such data are not
always available. In most cases, the process of validation assesses the apparent validity or perceived
accuracy of themodel. SMEs, such as, radiation oncologists and medical physicists, are probably
the best suited to perform thistype of model validation. Thisisespecially trueif the model has been
developed for a specific facility.

The basic validation processrequiresthat SMEsreview the model and identify any inaccuracies. Bias
can easly beintroduced into the questions that are asked of experts. For example, asking the
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question, “ Isthisnetwork correct?’ can lead the SMEsto a biased response. Asking “ Isthiscorrect
or not?’ isadightly better option, but sill holds significant potential for bias. Reviewing the
documentation on how to best use the judgment of the SMEsfor validation may prove useful. Refer
to NUREG/CR-5424, Eliciting and Analyzing Expert Judgment, for some helpful suggestions.

Validations can be done mor e than once during model construction. In fact, it can be extremely
effective to schedule validations at various intervals throughout the process. Stepsin model
construction should be validated as soon asthey are completed, if subsequent work is based on them.

A validation should occur aspart of thetask analysis. Although this step occurs before the model
construction begins, it isincluded here with model validation as a necessary step in model
development. Ensuring the accuracy of the data at this point can save considerable time and effort
later during mode congtruction. Even if an existing task analysis has been used, the validity of this
information should still be assessed. The personnel who performed the task analysis may have used
SMEsto validate the content as part of their process. Understanding their validation procedure may
be useful. If a newly-constructed task analysis has been used, then the accuracy of the data collected
should be deter mined.

A validation should also be performed when the network diagram has been constructed. This
validation includes the function and task hierarchy, aswell asthe error initiation and catch points.
Even though the accuracy of the data collected will be assessed prior to the construction of the
network diagram, on paper these data represent a static description of the process. Building a
dynamic computer model of the relationships between the tasks may require some inter pretation of
these descriptions. The SMEsinvolved in the RAB project were easily ableto under stand the
networ k diagrams and, when asked to compar e them to the process, wer e able to assess their
accuracy.

Thefinal validation usesthe mode execution data results. One method isto deter mine what parts of
the process the SM Es believe contribute the most to the level of risk. Thisinformation can then be
compar ed with thelist of tasks wherethe most errorsoccur as predicted by the model. Discrepancies
can be openly discussed with SMEs. However, this process can be very subjective since the answers
given by the experts depend greatly on their perception of what congtitutesrisk and their experiences
in specific facilities. For example, medical expertsfrom afacility that performs patient prep, x-rays,
and treatments, all in the same location, may not see the practicality of an error, such as* applicator
movement caused by patient transport.”

32.2 Recommended Additions to the Model

The methodology has, thus far, described the construction of a model that includesthe basic tools for
assessing the safety in a medical treatment. This section describes several additionsthat can be made
to this fundamental model based on the specifics of the medical process or the needs of the analyst.
The additionsinclude error consequences (Section 6.10.1), quality assurance and maintenance
processes (Section 6.10.2), time-based frequencies (Section 6.10.3), fractional treatments (Section
6.10.4), the patient profile (Section 6.10.5), and systematic and programmatic errors (Section 6.10.6).
The description of each addition includes a brief explanation of its usefulness and of the changesthat
must be made to the model to implement the addition.

32.2.1 Consequences

The consequences of human errorsand equipment failures can be used within the model to predict
treatment outcomes for each patient. For example, the model can be used to predict whether a
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dosage deviation occursfor errorsthat have the potential to result in incorrect dosages,. A random
number can be compared to a predetermined distribution of dosage deviationsto predict the level of
the dosageerror.

In the RAB model, the errorsthat wereinitiated and not caught during the treatment wer e identified.
A dosage deviation distribution was then used to trandate each of theremaining errorsinto
treatment outcomes. To capture these outcomes, additional data collection tasks and snapshots were
added to the model.

32.2.2 Quality Assurance and Maintenance

Many of the procedures used in medical treatments arerelated to quality assurance (QA) and
maintenance. A variety of quality checks, calibration procedures, and maintenance activities can be
scheduled. These processes can be modeled in the same manner as the treatment process, including
function and task sequencesand errors. However, all of these activities may not be performed before
each treatment. For example, a radiation alarm may be checked before every treatment, while the
calibration of a source activity may be done on a monthly basis. If thesetypesof QA activitiesareto
be modeled and are of varying frequenciesin execution, then these frequencies will have to be
expressed within the mode.

32.2.3 Time-Based Frequencies

Many processes, such as QA, are scheduled based on the passage of time. The example given in the
previous section isthe sour ce calibration that may be done on a monthly basis. For such processes,
the model must keep track of the passage of time. One method of expressing time-based frequencies
isto establish the passage of time based on the number of patientstreated per time period.

In the RAB modd, a variable was used to express patients per week and was set in the Event Queue.
The modd recorded the number of patients and used the patients per week to deter mine when a week
of patients had occurred. In thisway, the model deter mined how much time passed based on the
number of patientsthat were processed. The QA functionswere grouped in the network diagram
based on execution frequencies. A Tactical decision type was used and the Routing Conditions for
each branch wer e based on the QA execution frequencies trandated from the number of patients.

32.2.4 Fractional Treatments

Some of the medical processes involving radioactive byproducts deliver the prescribed radiation dose
to the patient in multiple fractions. The delivery of a series of fractions can be spread out over the
course of several days. The methodology, to thispoint, has described the modeling of one treatment
per patient. If multiple fractions areto be smulated, then the model must be altered to allow for a
pattern of multiple treatments per patient.

In the RAB model, the Patient Profile was used to deter mine how many fractions would be included
in the treatment of a patient. The NEW_PT programming function was used to start a new patient
only after all thefractionsfor thelast patient were completed. The error countersfor programmatic
errorswere also reset independently from the other human errors. For more information on
programmatic errors, see Section 6.10.6. The data collection function was also altered to collect the
fractional data at the end of each fraction and the patient data after all fractions were completed.
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32.2.5 Patient Profile

The Patient Prafile can be used to model differencesin the treatment for each patient. If the process
callsfor fractional treatmentsto be delivered, then the number of fractionsfor each patient can be
determined in the Patient Profile. I1n the case of RAB where multiple applicator s are often used, the
Patient Profile can contain data on the number of applicatorsfor each patient.

The Patient Profile was created asa Micro Saint function that was called by the NEW_PT
programming function. Random numberswere used to set each of the parametersfor each patient.
For example, when the treatment for each patient included between one and five fractions, a random
draw between one and five was used to deter mine how many fractionswere included in the current
patient’s treatment.

32.2.6 Systematic and Programmatic Errors

Themajority of the errorsassociated with these types of medical treatments affect only a single
treatment of a single patient. Assuch, theerror countersin the model can bereset for each new
patient. However, some errors can affect morethan one patient. These are called systematic errors
and are usually associated with the quality assurance and maintenance functions. Systematic errors
are either equipment problemsthat have not been identified or are errors made during the
calibration of some piece of equipment. Each error from theerror list can be assessed to determine
which are systematic. The expressions can be modified so that the error counter for each systematic
error that isnot caught during a treatment is not reset.

Some of the medical processes that use radioactive byproducts deliver the prescribed radiation dose
to the patient in multiplefractions. These fractions are modeled as separ ate treatments of smaller
doses. For treatmentsthat are given in multiple fractions, another error category may be needed.
Programmatic errors arethose that can affect multiple fractions of a single patient. They are usually
associated with errors made during the process of planning the treatment. For each programmatic
error that isnot caught during a fractional treatment of a single patient, the expression can be
modified sothe error counter isnot reset. However, theerror initiation countersfor programmatic
errorsneed to bereset for each new patient.

32.3 Using the Model for Risk Assessment and Improving Safety

This section presents several ways the model can be used to assessthe risk and help improve the
safety of the process being modeled.

Errorsthat cannot be caught within the system

During theinitial information collection effort and network building phase, errors may be
identified that can beinitiated in the process but cannot be caught. Errorsthat cannot be
caught can be used to identify parts of the process wher e safety improvement efforts should
focus.

Under standing system dynamics

Building a DES model provides a detailed under standing of the dynamicsin a medical process.
Thislevel of understanding may not be achieved while performing a task analysis because of its
dtatic nature. The dynamic nature of a simulation makesit a valuable tool for analyzing task
flow and alter nate execution paths.

Most frequently occurring errorsand the tasks wher e the most errors occur
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The most frequently occurring errors and the tasks where the most errorsoccur drive much of
therisk in the process. If the model is executed using a large number of patients (such as
1,000), the results should provide a clear indication of the errorsthat occur most often and the
tasksthat have the highest risk of errors.

The process can then bereviewed with SM Esto deter mine why these errors occur most often
and why these tasks seem to have so much potential for errors. If the SMEs agree that these
errorsand tasks represent areas of risk within the process, then decisions can be made about
what can be doneto reducethat risk. However, if the SMEsdo not agreethat theseerrors
and/or tasksincreaserisk, then refinementsto the model may be needed.

Evaluating the effects of har dware and softwar e failures

A model that includes equipment failure scenarios can be used to assess how these failures
affect the safety of the process. For each scenario, the model can be executed to determine if
the treatment process can adequately respond to and mitigate the equipment problem. The
frequency of errorsand process outcome results can be used as a measure of how the processis
affected by each equipment failure scenario.

Evaluating risk in the process

The consequences of human errorsand equipment failures can be used to deter mine how the
patientsinvolved in the treatment are affected. When the model is executed using a large
number of patientstheresultswill show the proportion of patients whose treatment outcomes
wer e unacceptable or unsafe. Thisvalue can be used as a measure of therisk involved in the
pr ocess.

. Testing changes to the process
The model can be used to assess how changesin the process affect the level of safety. Thisisan
extremely valuable function of the modd. If a changeto the processis proposed, that change
can beincluded in the model. The model can then be used to assess the effect that the change
hason theleve of risk. Thisverification process can result in consider able savings of time and
money by preventing the costly implementation of changes that may not decrease, or may even
increase, the level of risk in the process.

NUREG/CR-5362 64



65

Remote Afterloading Brachytherapy DES project



Remote Afterloading Brachytherapy DES project

39.REMOTE AFTERLOADING BRACHYTHERAPY DISCRETE EVENT SIMULATION
PROJECT

This section describes the Discrete Event Simulation (DES) modeling project that was used to create
the RAB model, and includes the following sections:

7.1 Model Background

7.2 Sour ces of Information

7.3 TheRAB Modd

7.4 Data Output M easures

7.5 Verification and Validation

7.6 Using the Remote Afterloading Brachytherapy M odel

39.1 Model Background

Thefirst step in thisproject wasto determine the medical process that would best demonstrate the
feasibility of using DES. The NRC Office of Nuclear Regulatory Resear ch sponsor ed resear ch
programs to examine human error in two different medical processesfor the treatment of cancer
using radiation therapy. Theseresearch projectsfocused on Teletherapy and Remote Afterloading
Brachytherapy (RAB). In Teletherapy, the canceroustissueis selectively destroyed by exposureto
an external beam of ionizing radiation. In RAB, a radioactive sourceistemporarily inserted into an
applicator that has been inserted into the body near the cancer ous tumor.

Teletherapy and RAB processes wer e reviewed using the technical reports produced by the two
NRC-sponsored resear ch programs:

NUREG/CR-6277, Human Factors Evaluation of Teletherapy Vols. 1-5. 1995

NUREG/CR-6125, Human Factors Evaluation of Remote Afterloading Brachytherapy Vols. 1-3.
1995

Thetwo systems differed with respect to the information that was available in the function and task
analyses. The RAB research data were more useful in terms of what is needed to develop discrete
event models of human errors. Therewere also some indicationsthat RAB usage was increasing for
cancer treatment while Telether apy usage was declining. The conclusion wasthat the RAB process
would be better suited for the purpose of demonstrating the feasibility of using DES for risk
assessment.

Once RAB was chosen as the focus of the study, the project team also needed to choose between
specific types of RAB treatments. RAB proceduresinclude High Dose Rate (HDR) and Low Dose
Rate (LDR) treatments. HDR treatments use a high activity radiation sourceto irradiate the tar get
tissue in 5-10 minute treatment sessions. LDR therapy useslow levels of radiation for treatment
sessionsthat typically last 2-3 days. The HDR treatment type was chosen because it represented a
higher risk to patients and staff over shorter periods of time.

The human factor s evaluation of RAB also examined the processes surrounding the use of three
different radiation afterloading machines built by two different manufacturers. Theteam selected the
processes associated with the MicroSelectron afterloader .
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Within RAB, classes of treatments also differ dightly in process and in the probability of human
error occurrence. Bronchial and gynecological cancer treatments wer e chosen as the scenarios for
the modeling effort. Bronchial treatment was chosen because it was a common use of RAB. In
addition, the resear ch indicated that bronchial treatments had the highest incidence for movement of
the applicators after they are placed, ther efor e having additional potential for misadministration.
Thetreatment process for gynecological cancer using RAB isalso aréatively common treatment
type. Based on these factors, the team deter mined that the model could be generalized in such a
fashion to adequately represent both the bronchial and gynecological RAB treatment processes.

39.2 Sources of Information

Three primary sour ces provided the information used to develop the RAB model. Thesewerethe
RAB task and error analyses (Section 7.2.1), the SM Es from Pacific Sciences & Engineering Group
(PS& EG) who prepared thetask and error analyses (Section 7.2.2), and the infor mation gathered
from visitsto siteswhere RAB treatments are performed (Section 7.2.3). Additionally, information
was collected from occurrence reports of RAB incidents (Section 7.2.4) and from the MicroSelectron
RAB User’sManual (Section 7.2.5).

39.2.1 RAB Task and Error Analyses

The majority of the information used to build the RAB model came from the technical report
NUREG/CR-6125, Human Factors Evaluation of Remote Afterloading Brachytherapy, Vols. 1-3,
1995. Thetask analysisfrom thereport included all the functions, subfunctions, and tasks of the
RAB treatment process that wer e used to build the network diagram (see Appendix A for a complete
list). The majority of thetask sequencing information was also taken from the task analysis. The
error analysisfrom the report was used to derive all the errorsused in the model (see Appendix B).
In addition, most of the error initiation and catch points, aswell asthe error recovery paths, were
derived from the error analysis.

39.2.2 Pacific Sciences & Engineering Group

Thetask and error analysis document, NUREG/CR-6125, was authored by PS& EG personnel. They
wer e consider ed to be experts on the contents of thereport, and their expertise was used in two ways:
for verifying and validating the model (see Section 7.5.1) and as a sour ce of supplementary
information to thetask and error analyses.

Error probabilities. PS& EG provided areview of the project team’s estimates for therelative
probabilities of initiating and catching human errors. Theentireerror list wasreviewed to locate the
pointsin the process where errorscould beinitiated and caught. Consensus was then reached on the
estimatesfor theinitiation and catch probabilities. The estimates are morereflective of relative
probabilities across the errorsthan estimates of absolute values for each probability. Thelist of all
the errorsand associated relative probability estimates are included in Appendix B.

Error dependencies. PS& EG also provided input for the error dependenciesused in the model. A
dependency exists between two errorswhen the occurrence of one error affectsthe probability of
occurrence of the other error. An exampleiswhen error 4, Applicator inadequately secured, is
initiated, then the probability of initiating error 13, Applicator moved during transport, isincreased.
Another type of error dependency provided by PS& EG refersto those errorsthat only apply to a
specific scenario. An exampleiserror 12, Applicator distinction mislabeled. Thiserror can only
occur if morethan one applicator isbeing used. Therewas no attempt to develop a comprehensive
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list of error dependenciesfor the RAB process. Thosethat were provided were used to show how
dependencies can be modeled. Appendix B includesthelist of error dependencies.

39.2.3 Site Visits

Sitevistswerean invaluable part of the information collection effort. In addition to specific data
that were gathered, observations of actual RAB treatments and discussions with practitioners
provided a firsthand under standing of the complexity and variability of the RAB process. Thedata
gathered included the frequency with which specific quality assurance and maintenance procedur es
wer e performed, the scenario for the softwar e failure, and task sequences specific to the site.

The Quality Assurance and M aintenance function as described in the RAB task analysis, includes
several different procedures. The frequency with which these procedures are performed has a direct
effect on theinitiation and catch rates of the QA errorswithin the model. The number of patients
affected by systematic errorsisdirectly affected by the frequency of the QA checks and how many
patients are treated between the checks. However, the RAB task analysis did not provide specific
frequencies for the performance of all of these QA procedures. Since thisinformation was not
available from the task analysis, the project team chose to have the model emulate the QA &

M aintenance schedule from a single site. A list of these procedures and their frequenciesisincluded
in Appendix B.

The DES model uses a specific software error scenario to demonstrate how software errors can be
represented in a DES. The scenario incorrectly calculates dwell times, and was provided by
personne during a sitevisit. For more information, see Section 7.3.7.

The site visits also demonstrated the variability of processes across different sites. The task
sequencesin the RAB task analysis (NUREG/CR-6125) represent a combination of the processes
from several sites. The modeled process, which was built from the task analys's, and the processes at
the visited sites differed from each other in somerespects. Therequirements of this project stated
that a model be built based on the RAB task analysis. M aking site-specific changes was not required
to demonstrate the feasibility of using DES, so changes were not made to the task sequences based on
the site-specific process variations. Instead, thisfinding was used as a basisfor concluding that a
general model may not be appropriate for analyzing the process of a specific facility (see Section 9.1).

39.2.4 Occurrence Reports

During this effort, a specific scenario was developed to represent a hardwarefailure. The hardware
failure scenario isbased on areal incident in which the radioactive sour ce became detached from the
cable. The scenario was developed from incident descriptions detailed in occurrence reports. For
information on the hardwar e scenario, see Section 7.3.7.

39.2.5 MicroSelectron High Dose Rate Equipment User’s Manual

When the basic network diagram was being built from the task analysis (NUREG/CR-6125 Volume
2), it wasfound that the description for manually entering a treatment plan was difficult to follow. In
addition, differences existed between that description and the process shown in RAB video tapesfrom
the Nucletron Corp. To avoid any conflict between these two sour ces of infor mation, the process as
described in the MicroSelectron HDR machine oper ating manual from the Nucletron Cor poration
was used. Therefore, the process of manually entering a treatment plan is not based on the
description from thetask analysis. The differencesturned out to be minor and had little or no effect

NUREG/CR-5362 68



Remote Afterloading Brachytherapy DES project

on the modd!.

39.3 The RAB Model

This section discusses the assumptions (Section 7.3.1), functions and tasks (Section 7.3.2), human
errors(Section 7.3.3), error consequences (Section 7.3.4), branching (Section 7.3.5), and QA
frequencies (Section 7.3.6) in the RAB model, in addition to har dwar e and softwar e scenarios
(Section 7.3.7) and model input (Section 7.3.8). The RAB model was designed using the Micro Saint
simulation software. The appendicesto this document are found in Volume 2 and contain the
following detailed infor mation about the RAB mode!:

Appendix A: Function and task list

Appendix B: Human errors, dosage deviation probability distribution, and error dependencies
Appendix C: Micro Saint network diagrams

Appendix D: Micro Saint variables

Appendix E: Micro Saint functions

Appendix F: Micro Saint events

Appendix G: Micro Saint snapshots

Appendix H: Micro Saint output files

Appendix I: User’s Guidefor running the RAB model

Appendix J: Micro Saint code for the RAB mode

39.3.1 Basic Assumptions

Thetask analysis presented in NUREG/CR-6125 is a compilation of RAB processes from many
different facilities. The analysis describesa complete set of individual processesthat can occur but
are not necessarily used at every facility. To reduce some of this complexity within the model, only
two types of treatments were considered. Therefore, the functions, tasks, errors, and overall model
flow are designed to reflect the processesrequired for bronchial and gynecological treatmentsonly.
In addition, the model uses a single type of RAB treatment machine; the Micro-Selectron High Dose
Rate (HDR) treatment machine from Nucletron.

39.3.2 Functions and Tasks

NUREG/CR-6125 Volume 2 identified a function and task inventory for RAB treatment. Functions
weredivided into tasks that werethen divided into steps. This hierarchy isrepresented in the Micro
Saint modd as networks, subnetworks, and tasks. Becausetheterm ‘task’ asit isused in
NUREG/CR-6125 and in Micro Saint has different meanings, ther e is some unavoidable confusion in
any discussion of the function and task hierarchy. Thefollowing tableis provided in an attempt to
alleviate some of the confusion.
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Table 12. NUREG/CR-6125 vs. Micro Saint terminology

NUREG/CR-6125 Micro Saint

terminology terminology
Function Networ k

Task Subnetwork

Step Task Node

The function and task inventory from NUREG/CR-6125 is shown in the following table.
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Table 13. Function and task inventory for RAB

Function

Task

Patient Preparation

Patient scheduling, id, and tracking

Patient instruction

Life support monitoring

Applicator placement and stabilization

Patient transportation

Treatment Planning

Simulation with dummy sour ces

Target volume localization

Radiation prescription

Dwdll position localization

Dosimetry

Treatment plan selection and approval

Treatment Delivery

Treatment set-up insde

Treatment set-up outside

Treatment plan entry

Verify treatment data prior to treatment

Treatment session monitoring

Treatment session control

Post-Treatment

Sour ce guide tube disconnection

Applicator removal

Patient transportation

Treatment verification

Recor d-keeping

Quality Assurance (QA) and M aintenance

Sour ce exchange - Remove an old sour ce

Sour ce exchange - Install a new source

Sour ce calibration

Door interlock test

Radiation warning light test

Autoradiography of source position

Interrupt and abort tests

Sour ce positioning and timing

Check of source guide tube - applicator
assemblies

Equipment and softwar e updates

Troubleshooting

The networ ks and subnetworksin the RAB model weretaken directly from thisinventory. Thetasks
in the inventory arerepresented in the model as subnetworksin the networ ks which represent each
function. Each subnetwork consists of stepsthat were also listed in the RAB task analysis (Appendix
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B in NUREG/CR-6125 Volume 2). Each task node in the model is named and numbered based on the
corresponding section in the RAB task analysis. For example, the task node labeled .3 Monitor
intercom of the Treatment Session M onitoring subnetwork refersto step number 3, Monitor intercom
for patient comments of the Treatment Session Monitoring task from Appendix B in NUREG/CR-
6125 Volume 2. The complete list of the functions, tasks, and steps from the RAB task analysisthat
correspond to the network, subnetwork, and task node levels of the network diagram isincluded in
Appendix A.

39.3.3 Human Errors

Many of the task nodes within the model are associated with human errors. This section describes
the human errorsused in the mode from the analysis described in NUREG/CR-6125 Volume 1.
Included are the modifications that were madeto the error descriptionsin theerror analysisand a
description of the method used to include them in the model. Also described are how probabilities
were used for initiating and catching the errors and how dependencies between the errorswere
modeled.

Error Descriptions

Appendix A in NUREG/CR-6125 Volume 1 contains error tablesthat show the most likely human
errorsthat could occur during the RAB process. Included in these tablesisinformation about the
step where each error could occur, immediate effects of the error, effectsthe error might have on
other steps, aswell asthe potential danger to patients and staff. With the exception of someerrors
associated with the Quality Assurance (QA) and M aintenance function, the errorsfrom thetableare
used in the model with little or no modification. The modifications consisted of wording changes
recommended by subject matter experts.

QA errorschanged to match task level. Table 13 includesthe QA asdescribed in the task analysis.
While tasks describe specific checks and tests, some of the QA errorsdescribe only generic failures.
An example of ageneric faillureistheerror, Failureto perform QA procedure. Theerrorswere
changed to more closely match the level of detail found in the tasksin order to adequately describe
the eventsthat could occur. Table 14 presentstheoriginal error descriptionsfrom theerror analysis
in the left column and the modifications that were made for usein the mode in theright column. The
completelist of theerrorsused in the modd isincluded in Appendix B.
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Table 14. Quality Assurance error modifications

General Error Descriptionsfrom the
Error Analysis

Specific Error Descriptionsfor the M odel

Failureto perform QA procedure

Failureto perform door interlock test

Failureto perform radiation warning light test

Failureto perform auto-radiography

Failureto perform interrupt & abort test

Failureto perform positioning & timing test

Failureto perform sour ce-guide tube check

Failureto perform source calibration

Failureto recognize problem during updates

Failureto recognize QA problem

Failureto recognize problem during interlock test

Failure to recognize problem during radiation war ning light
test

Failure to recognize problem during auto-radiography

Failureto recognize problem during interrupt & abort test

Failureto recognize problem during positioning & timing
test

Failure to recognize problem during sour ce-guide tube
check

Failuretorecord QA problem

Failureto record and communicate QA praoblem for
interlock test

Failuretoreport QA problem
(combined “record” and “ report”
errors)

Failureto record and communicate QA praoblem for
radiation warning light test

Failureto record and communicate QA problem for auto-
radiography

Failureto record and communicate QA praoblem for
interrupt & abort test

Failureto record and communicate QA praoblem for
positioning & timing test

Failureto record and communicate QA problem for source-
guide tube check

QA certification error

QA certification error for interlock test

QA certification error for radiation warning light test

QA certification error for auto-radiography

QA certification error for interrupt & abort test

QA certification error for positioning & timing test

QA certification error for source-guide tube check

Failureto record performance of QA
test

Failureto record performance of interlock test

Failureto record performance of radiation warning light
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General Error Descriptionsfrom the Specific Error Descriptionsfor the M odel
Error Analysis

test

Failureto record performance of auto-radiography

Failureto record performance of interrupt & abort test

Failureto record performance of positioning & timing test

Failureto record performance of source-guide tube check

Error Modeling

Using the information from Appendix A in NUREG/CR-6125 Volume 1, the errors were mapped to
task nodesin the network diagram following the conventions described in Section 6.3.4. Each task
node in the network that could initiate an error wasfollowed by an error initiation node with a name,
such as+HE?21, indicating that human error 21 can be initiated at thispoint. A task node followed by
theerror catch node

-HE?21 indicates a point at which human error 21 could be caught. Opportunitiesto catch and
mitigate errorswere based on information contained in the task analysis and provided by subject
matter experts. Figure 31 shows a portion of the RAB network diagram displaying potential error
initiation and error catch pointsfor errors40, 42, and 43. Thediagram represents the Session
monitoring task from the function/task list. It includesfour stepsin the task nodes Monitor console,
Monitor camera, Monitor intercom, and Instruct. It also showstheerror initiation and mitigation
pathsfor each of the error nodes. The numbersat thetop of each node (e.g., 3075) are used
internally by the simulation software. A complete set of network diagramsisincluded in Appendix C.
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Figure 31. Error initiation and catch points

Error Probabilities

The estimated relative probabilitiesfor error initiation and catch were measured on two seven-point
scales. Thescalesincluded the following values: very very low (wwl), very low (vl), low (1), medium
(m), high (h), very high (vh), and very very high (vvh). Oneinitiation scale value and one catch scale
value were assigned to each error based on the relative estimate for that error. Theerror
probabilities and the scaled valuesfor each error arein Appendix B.

A second set of SM Es wer e expected to verify the original information. These SM Esincluded
practitionerswho are considered by the NRC to be expertsin the field of RAB. However, during the
sitevigt with thisgroup, the practitionerswere unwilling to provide estimates for the error
probabilities stating that any such estimates would be extremely inaccur ate because of their own
biases and the complexity of the RAB process.

Error Dependencies

Many of the eventsthat could occur during the performance of a RAB treatment include errorsthat
can increase or decreasethelikelihood of other errors. Theserelationshipsarereferred toaserror
dependencies. SM Esidentified dependencies between many errorsfor which the occurrence of one
error affected the probability of occurrence of one or more others. An example of thistype of
dependency iswhen error 4, Applicator inadequately secured, isinitiated; then, the probability of
initiating error 13, Applicator moved during transport, isincreased. These dependencies are modeled
by dynamically adjusting the probabilities of initiating and catching errorswithin the smulation.

Another type of error dependency represented in the model refersto those errorsthat apply only to a
specific type of scenario. An exampleiserror 12, Applicator distinction mislabeled. Thiserror can
only occur if more than one applicator isbeing used. Appendix B describes all the dependencies
represented in the mode.

No attempt was made in this project to obtain a comprehensive list of the dependencies between all
theerrorsin themodel. Thosethat areincluded in the model arefor the purpose of demonstrating
how error dependencies can be considered.

Programmatic and Systematic Errors

Themajority of theerrorson theerror list can affect only a single fraction of a single patient’s
treatment (the RAB process often deliversthe prescribed radiation dose to the patient in multiple
fractions). However, two categories of errors can affect more than one treatment, if they are not
caught. A systematic error can affect multiple patients beforethe error is caught and mitigated. A
programmatic error could affect multiple fractions of a treatment for a single patient.

Each error in the modd was evaluated to determineits category. The programmatic errorsare
mostly associated with treatment planning. If the treatment plan isincorrect, then all the fractions
for that patient’streatment could be affected. The systematic errorsare all associated with the
Quality Assurance and Maintenance functions. Problemswith the functioning of the RAB system
could affect multiple patients. Theerror list in Appendix B includes a column indicating whether the
error isconsidered systematic or programmatic.
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Error Control

When an error isinitiated, avariablethat isused asa “ flag” isset to a value of one (1) to indicate
that the error wasinitiated. The model records all errorsthat wereinitiated and the task node where
each error wasinitiated. When an error is caught, theinitiation flag isreset to a value of zero (0) to
indicate that the error can no longer affect the process. For the purposes of the modd, the
assumption was made that when an error was caught, it was also successfully corrected. At the end
of thetreatment for each patient, errorsare checked to see which errorswere initiated and not
caught. Theseerrorsarethen mapped to potential misadministrations (see Section 7.3.4).

Systematic and programmatic errors. Theinitiation flagsfor all non-systematic and non-
programmatic errorsarereset after each treatment fraction because these errors can only affect the
treatment fraction in which they wereinitiated. Theflagsfor the programmatic errors stay set for
subsequent fractions of the same patient and will only bereset if theerror iscaught or if all the
patient’sfractions are completed. Theflagsfor the systematic errorsremain set for all treatments of
subsequent patients until they are caught.

QA and maintenance errors. QA procedures are designed to look for and catch problems. If thereis
a problem with some aspect of the system that a QA procedur e does not catch, every patient that
receivestreatment until theerror is caught can be affected by the problem. For example, one QA
procedureisto perform a source calibration. If this procedureisomitted, all patientswho are
treated before the next calibration may be affected by a source strength error. Thisisrepresented in
the model by setting the error initiation flag when the error occurs and resetting it only when the next
appropriate QA task is performed.

39.3.4 Error Consequences

The consequences of errorsin the model and the error analysisin NUREG/CR-6125 are based on the
NRC definitions of medical misadministrations (Code of Federal Regulations). In general, a
misadministration for RAB means that the radiation dose was not delivered asintended in the
treatment plan. Threetypes of misadministrations are of interest for the RAB modding effort: a
radiation dose delivered to the wrong patient, aradiation dose delivered to the wrong treatment site,
and a dose ddlivered that deviates from the level intended in the treatment plan. A dosage deviation
isconsidered a misadministration when the dose delivered to the patient is more than 20% above or
below the planned dosage. Dosage deviations are considered “ recordable’ events when the dose
delivered is 10%-20% above or below the planned dosage.

Three types of misadministrations and recor dable events are represented in the model: dosage
deviations, wrong patient, and wrong treatment site. The SMEswho developed the task analysis
were ableto group the errorsinto categories based on the three different types of misadministrations.
In the RAB modd, errorsthat can cause the wrong patient and wrong treatment site
misadministrations are termed “ non-dosage” errors. All otherswere considered dosage errorsand
weredivided into seven groups. These groups, called error categories, correspond to different
potential levels of dosage deviation (Table 15).

Table 15. Error categories
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Error Category Number | Error Category
0 Uncertain
No Dosage Deviation
Minimal Dosage Deviation
M oder ate Dosage Deviation
Strong Dosage Deviation
Maximal Dosage Deviation
I nadvertent Exposureto RAB Staff

OO WIN|F

Error categories 2-5 constitute different levels of potential dosage deviationsto patients. Error
category 6 includesthe errorsthat can cause inadvertent exposuresto the RAB staff. Appendix B
includes a column that lists the category assigned for each error.

The probability distributionsin percentages for dosage deviation for each category are shown in
Table 16. Thetableincludeserror categories 1-6 and the associated distributions. Each distribution
is based on five different levels of dosage deviation from the planned treatment outcome:
misadministration (>20% over or under), recordableincident (10-20% over or under), and normal
outcome (within 10%). Theseare listed under the “ Category Description” heading. Asan example,
error category 3" Moderate Deviation” indicatesthat 12% of thetime an error from this category
will result in a dosage deviation within 10% of the planned dose. 20% of thetimean error in this
category will cause a dosage deviation from 10-20% over or under the planned dosage. 24% of the
timean error in this category will cause a dosage deviation of morethan 20% over or under that
planned dosage. Each of theerror categorieslisted in the table should be interpreted in this same
manner. Thenumbersin the“ Output Code” column are used in the resultsfiles from the modd to
indicate the treatment outcome.
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Table 16. Probability distributions of dosage deviation

Error 1 2 3 4 5 6
Category
Outpu | Category No Minimal M oderate Strong Maximal | Inadverte
t Code | Description Deviation | Deviatio | Deviation | Deviation | Deviation nt
n Exposure
-2 > 20% Under 0 0 24 30 48 0
-1 10-20% 0 4 20 16 2 0
Under
0 Within 10% 100 92 12 8 0 0
1 10-20 % Over 0 4 20 16 2 20
2 > 20% Over 0 0 24 30 48 80

At the end of each treatment fraction, errorswith initiation flagsthat are still set are those that have
not been caught. Each of these errors hasthe potential to cause a misadministration. Non-dosage
errorsthat can cause either wrong patient or wrong treatment site misadministrationsare reported in
the model output. For errorsthat can cause dosage deviations, a random value from the appropriate
probability distribution (Table 16) is used to determine the level of dosage deviation. The SMEs
were not ableto assign categoriesto afew errors. The mode reportsthe consequences of these
errorsasuncertain.

Unlike most of the errors, some of those associated with QA cannot have consequences by themselves.
The QA errorsthat include failure to recognize a problem and failure to record and communicate a
problem can only occur if a problem exists with the system. In the model, these errors are dependent
on the softwar e and hardwar e scenarios and cannot be initiated unless such a problem exists. The
errorsassociated with the QA checksincluded in the model (Table 14) cannot have any consequences
unless the system shows a problem. Failing to perform a QA test does not have any adver se effects
unlessthe QA test could have caught a system problem. Inthe model, theerror typesfor these QA
errorsare dependent upon the hardwar e and softwar e scenarios and arereported as not having a
consequence unless a system problem exists.

39.3.5Branching

In the previous sections, the manner in which the RAB task analysisinformation was used in the
model was described. This section describes the branching logic that controls much of the flow of the
process within the model. Thisincludeserror initiation and recovery paths, the frequency of the QA
tasks, parallel sequences, task sequence control, selective task execution, and repeated tasks.

Error Initiation Paths

When an error occursin a process and is undetected, two things can occur with respect to the flow of
the processfollowing theerror. First, when atask is performed erroneoudy, the flow may not be
affected by the error and will continue. Second, when atask is omitted, part of the process may be
skipped duetotheerror. The RAB model represents both types of processflows. An example of the
first processflow isif error 8, Applicator not placed correctly, isinitiated, the process continues as if
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no error hasoccurred. Theerror may cause a problem with the dosage delivered to the patient but
does not interrupt the flow of the process. An example of the second processflow isif error 71,
Failure to perform door interlock test, isinitiated, the tasks that make up the door interlock test are
skipped.

Error Recovery Paths

Although the RAB task analysis contains infor mation about pointsin the process wher e specific
errorscould be caught, it does not describe the process of mitigating an error (i.e, recovering from
or correcting theerror). However, the process of mitigating an error that hasjust been caught
usually requiresrepeating part of the process. Therefore, when an error is caught that requires
redoing part of the process, the model uses a branch back to the appropriate point in the model to
represent error mitigation. Thisiscalled an error recovery path. These areimportant because they
create additional opportunitiesfor errorsto beinitiated and/or caught as parts of the processare
repeated.

Catching Multiple Errors

Within the model, more than oneerror can often be caught at the same point. Only a single recovery
path wasfollowed in these cases. When morethan oneerror iscaught at the sametime, therecovery
path that returnsto the earliest part of the processis chosen.

39.3.6 Quality Assurance Frequency Branch

The Quality Assurance and M aintenance function as described in the RAB task analysisincludes
several different types of functions (Table 13). The RAB task analysisdid not give specific
frequenciesfor the performance of all of these QA functions because these frequencies differ between
facilities. The frequencieswith which these functions are performed has a direct effect on the
initiation and catch rates of the QA errorswithin themodel. The number of patients affected by
systematic errors depends on the frequency of the QA checks and how many patients are treated
between the checks. The modd was set to emulate the frequency with which a specific site performs
its QA procedures. Personnel from afacility performing RAB treatmentswere ableto providethis
information during a site visit.

In the model, the door interlock, radiation warning light, interrupt and abort, sour ce positioning, and
timetests are performed once “ every clinical use.” A clinical use essentially refersto each timethe
machineisturned on. If two patientsaretreated shortly after each other on the same day, then these
four QA checks are done only oncethat day, beforethe first patient. Source calibration, the auto-
radiography test, and the check of the sour ce guide tube and applicator assemblies are done monthly.
Sour ce replacement, which includes removing the old sour ce and installing the new sour ce, occurs
once every three months.

The model recordsthe total number of treatmentsthat occur, and the frequency of the QA
procedures are based on the number of treatments performed per week. For example, if ten
treatments per week are scheduled, then using a five-day work week, the model deter minesthat only
two treatments are performed per day on average. The QA proceduresfor each clinical usewill
occur every two treatments, once per day. The monthly QA procedur es, using five weeks per month,
will occur every fifty treatments. The QA procedures done every three months will occur every 150
treatments. These frequencies can be modified to represent different facilities.
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Parallel Sequences

The magjority of thetasksin the RAB process proceed in a linear fashion. However, in two instances
portions of the process are donein paralld: monitoring of life support equipment and the treatment
set-up.

Monitoring of Life Support. In most cases of bronchial or gynecological RAB treatment, the use of
life support equipment isnot necessary. In the cases where such equipment is necessary, monitoring
isindependent from therest of the process but occurs at the sametime. The RAB model represents
this paralld process with multiple branching logic. A probability isused to determine how often life
support would be necessary. In the network Patient Preparation, the process diagram (Figure 32)
shows a branch wher e one path leadsto the subnetwork .1 sched id & track and another path leadsto
.3 lifesupport mon. The process flow always includes the path that leadsto the patient scheduling,
identification and tracking subnetwork. The probability of needing life support determines when the
process also includes the paralldl network of life support monitoring. A Multiple decision type (theM
wherethe paths diverge) is used so that both paths are followed when life support isincluded.

Network 1 patient prep

AN
484 1005 1006 1008 1009
prep R .1 sched .2 pat .4 app .5 pat

patient id & track instruct placement transport

1007
3life
supprt mon

Figure 32. Patient preparation network diagram

Treatment Set-up (inside vs. outside). The other example of a parallel task in the RAB processis
setting up the treatment. Different personnd set up the equipment outside the treatment room and
prepare the patient insde the treatment room. Many of these tasks occur in parallel. In the network
Treatment Delivery, the process diagram (Figure 33) shows a branch where one path leads to the
subnetwork .1 trmt stp outsd (treatment setup outside the treatment room) and one path leadsto .1
trmt stp inside (treatment setup inside the treatment room). A Multiple decision typeisused at the
branch point and both paths are always followed. The modd continuesto execute the subsequent
task nodesin paralld until the paths meet when the setup is complete and the treatment is started.
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Network 3003 treatment delivery

4004

7% 3001 3026 3002 3005
Parallel 1 Trmt Plan Entry T .2aMem .3 Verify
setup tsks stp outsd card plan trmt data

3999 3200
> A1 Trmt > 2b
stp inside Manual
3004
> .2c Comp
stored
3010 3006 3025 3007
Start 4 Session T .5a 1
Treatment Session Control Interrupt
3008 3096
> .5b Treatment
Normal complete
3009 J
% .5¢c Abort
trmt

Figure 33. Treatment delivery network diagram

Task Sequence Control

Many times during the RAB process, optional or multiple methods for performing part of the process
can occur. Each time one of these pointsis reached, a decison must be made concer ning the method
to choose. Examples of path branches occur in the Treatment Delivery network and in the QA
network’sinterrupt and abort tests subnetwork. These are described below.

Treatment delivery. Two branchesarein the Treatment Delivery network diagram (Figure 33). The
first branch discussed follows the Plan Entry node and isfor the three methodsin which treatment
plans can be entered into the treatment system. The network showsthat the treatment plan can be
entered with a card from the treatment planning system (node .2a), manually into the treatment
delivery system (node .2b), or by retrieving a stored plan from the memory of the delivery system
(node .2c). The method used in the model is determined in the patient profile (see Section 7.3.8). A
Tactical decision type (the T at the branching point) isused to determine which of the three pathsto
follow.

The second branch of thistypein Figure 33 isfor treatment delivery termination following the
Session Control node. Thethreewaysthat a treatment can be stopped are when it ends normally
(node .5b), when it isinterrupted (node .5a), or when it isaborted (node .5c). One of the three ways
to stop treatment is selected in the .4 Session monitoring network (described below).

In the Session monitoring network (Figure 34) three systems, the treatment console, the camera, and
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the intercom, must be monitored during treatment delivery. Session monitoring tasks are repeated
until the time allocated for the session has expired. Each time through the sequence of task nodes a
probability deter mines which of the three systemsis being monitored.

Network 3006 .4 Session monitoring

interrupt
tmt

438
mitigate
42

.3 Mnitor [
intercom /i

439
mitigate
43

Figure 34. Sesson monitoring network diagram

Interrupt & abort tests. Threedifferent testsare performed in theinterrupt and abort tests
subnetwork of the QA network. Thetasksin thissubnetwork are repeated three times, with each of
the three tests being performed once.

Selective Task Execution

Most of the tasksin the RAB process are performed for every treatment. However, several parts of
the process may not be performed for each treatment or may not always be performed in the same
order. Oneexample of thisis smulating the treatment using dummy sources. SMEsindicated that
simulation isnot always done for each fraction. In the Treatment planning network a probability
determinesif the simulate with dummy sources subnetwork is executed for a given treatment.

Another exampleiswhen a treatment is aborted due to some emer gency, such as the sour ce becoming
disconnected from the cable. Two sets of tasks may be executed as part of the emer gency response
and do not occur as part of the normal process. These are disconnecting the sour ce guide tubes and
removing the applicators. If the patient must be moved from the treatment room quickly, then the
sour ce guide tubes will be removed quickly and the applicators may also beremoved. In the
subnetwork Abort treatment, if either of these tasksisdone as part of an emergency, then the
subnetworks for them are skipped in the Post treatment network.

Repeated Tasks

Small portions of a process can be repeated many times during an RAB treatment. An exampleis
when mor e than one applicator isused in the treatment and the same processfor placement of the
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applicator isrepeated. The model representsthese repeated steps by following a path back to the
point wher e the process to be repeated begins. In thisexample, the repeat path continues until the
total number of required applicator s has been placed.

39.3.7 Hardware and Software Scenarios

During this project therewas no attempt to represent all the equipment failuresthat could occur in
the RAB process. The hardwarefailure and software error scenarios are meant to demonstrate one
way these types of problems can berepresented in a DES. One hardwar e scenario and one software
scenario was selected. The scenarios are built into the model and can be selected by the user to
demonstrate how the overall processis affected.

Hardware Failures

The hardware failure scenario simulates an event when the sour ce becomes detached from the cable
whileit is extended into an applicator. When the model is executed with the hardwar e scenario set to
“On", the process follows a normal treatment path until the failure occurs during treatment delivery.
An error message is recorded while monitoring the treatment session, and the processis sent to the
trouble-shooting subnetwork. Once the praoblem is diagnosed, the process continues through the
tasks necessary to abort the treatment session, remove the sour ce from the patient, and remove the
patient from the treatment room. This demonstratesthe proper discovery and recovery path for the
hardwarefailure. To assesstherisk with thisor any hardware failure, the user would need to
estimate the frequency with which the failure could occur, the probabilities that per sonnel would fail
to correctly perform the stepsrequired to mitigate the problem, and the consequences of failing to
mitigate the problem. Thisdemonstrates, in general, one method for how hardwar e failures can be
modeled and how therelativerisk of hardwar e failures can be assessed.

Software Errors

The software error scenario depictsan error in the treatment system softwar e that resultsin the
incorrect calculation of the dwdll times. When the modd is executed with the software error scenario,
the processin the QA network includes the installation of new softwar e through the equipment and
softwar e updates subnetwork. The new softwar e containsthe error. The process continues until an
independent check of the dwell times catches the problem. The model can be modified to include all
the places wherethiserror might be caught and the probabilities of failing to catch it.

39.3.8 Model Input

Theuser can select avariety of data elementsto enter into the model prior to execution. These data
cause the model to function in many different modes and allows a user to tailor model executionsto
specific needs. See Appendix G for more detail.

Patient Profile

One st of data that can be used by the model isa Micro Saint programming function called the
PATIENT PROFILE. For each patient, thisfunction deter minesthe number of fractional treatments
that a patient may receive to complete the prescribed treatment dosage, the number of applicatorsto
use, the method of entering the treatment plan into the treatment system, and the length of the
treatment session. Ascurrently set, the function randomly chooses one, two, or three fractions for
the patient and one, two, or three applicatorsto usein each fractional treatment with each possibility
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having the same probability. The number of fractionsis used to determine how many times the model
executesfor each patient. These parameters can be changed by the user to more accur ately model
specific treatment situations. Treatment plans can be entered into the treatment delivery system
manually, by transferring the plan from the planning system, or by using a plan stored in the memory
of thetreatment system. Currently, these methods are distributed equally acrossthe patients. The
length of the treatment session is chosen randomly from a uniform distribution of between 10 and 20
minutes and is used in the model to contraol the session monitoring tasks.

Number of Patients and Number of Treatments Per Week

Two values can be set prior to running the model that have a direct effect on how the model

functions. The number of patients deter mines how many patients are sent through the process. The
number of treatments per week can be set to reflect the workload of a specific site but does not equate
to the number of patients per week. Thisis because patients will have mor e than one tr eatment
fraction and the scheduling for these may spread over several weeks. Therefore, the treatments per
week only reflects how many fractions are performed per week. Thisvalueisused by the model to
determine the frequency of the QA procedures.

Error Initiation and Catch Probabilities

Theuser can also changetheerror initiation and error catch probabilities prior to executing the
model. The probabilities used by the model are based on two seven-point scalesthat range from very
very low (wl) to very very high (vvh). Onescaleisfor theinitiation of errorsand the other isfor
catching errors. Fourteen Micro Saint variables make up the scale, one for each value of each scale.

Error Dependency Switch

The dependencies between errorswithin the model can beset “ On” or “ Off” prior to model
execution. When the dependency between errorsis checked during model execution, the dependency
flag isalso checked to seeif it is“ On” or “ Off.” Theuser can compar e the results of different model
runsto seethe difference caused by error dependencies.

Hardware and Software Scenario Switches

Two special scenarios can be used during model execution. The hardwar e failure scenario and the
software error scenario demonstrate how these types of problems can be modeled. The user can turn
the scenarios® On” or “ Off” before model execution and then run a single patient through the model
to see the effect of a hardwarefailure or a softwareerror.

39.4 Data Output Measures

The following section contains a description of the data that wererecorded in the RAB model. Many
of thefilesinclude redundancies that can be used to cross-check the accuracy of the reporting
programs. Thefirst set of outputs contains the data input for the current run of the model (Section
7.4.1). Thenext set of outputs containstheinterim resultsthat are gathered during each fraction
while the model isrunning (Section 7.4.2). Thefinal set of outputs contains the end results of the
model run, some gathered at the end of each fraction and some after all the patients have gone
through the moddl (Section 7.4.3). Appendix H includes examples of these files.
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39.4.1 Data Input

- General input. Thisfiledocumentsthe data input that controlsthe model execution. It

includes the number of patients, the treatments per week, the dependency switch, the hardware
and softwar e scenario switches, and the probability valuesfor theinitiation and catch scales.

Patient input. Thisfile documentsthe model data input from the Patient Profile. For each
patient, thefile includesthe number of fractions, the number of applicators, the session length,
and whether the treatment plan was entered manually, transferred from the planning system,
or from computer memory.

41.0.1 Interim Results

Errorsinitiated. Thisfile documentsall the errorsthat wereinitiated for the current execution
of themode. It includesthe patient identification number, the fraction number, the error that
was initiated, and the task in which theerror wasinitiated.

Number of initiationsper error. Thisfilerecords how many times each error wasinitiated
throughout the execution of the modd. It includesthe error identification number and the
number of timesthat the error wasinitiated. Thisfile can be used to determine the errorsthat
areinitiated most often.

Number of initiations per task. Thisfile records how many errorsareinitiated for each task.
Thefileincludes the task node number and the number of errorsthat wereinitiated at that
node through the run of the model. Thisresult can be used to determine the task with the
highest number of errorsinitiated.

Number of errors per patient. Thisfiledocumentshow many errorswereinitiated for each
patient. It includesthe patient identification number and the number of errorsinitiated for
each patient.

Errorscaught. Thisfile documentsthe errorsthat were caught during the entire execution of
themoded. It includesthe patient identification number, the fraction number, the identification
number of theerror that was caught, and the node number in which the error is caught.

Systematic errors. Thisfile records how many patients wer e affected by each systematic error.
Thefileincludestheidentification number for each systematic error and the number of patients
that were affected by each error.

Programmatic errors. Thisfilerecords how many fractions wer e affected by each
programmatic error. Thefileincludestheidentification number for each programmatic error
and the number of fractionsthat were affected by each error.

48.0.1 End Results

- Patient output. Thisfiledocumentsthe errorsthat wereinitiated and the errorsthat were

caught for each patient. It includesthe patient identification number, the fraction number, the
identification number for each error that was initiated, and the number of times each error was
caught.

Non-dosage errors. Thisfiledocumentserrorsthat resulted in non-dosage misadministrations.
It includes the patient identification number and the error identification number.
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Dosage deviations. Thisfile documents the dosage deviations for dosage errors. Thefile
includes the patient identification number, the fraction number, the error identification
number, theerror type, and the dosage deviation code.

Wor st case dosage deviations. Thisfilereports predicted dosage deviations for each error,
even if morethan one such error isin the samefraction. The model compar esthe predicted
potential outcome from each error for a specific fraction and reportsthe single wor st case
dosage. Thefileincludesthe patient identification number, the fraction number, the error
identification number, the error type, and the dosage deviation code for the wor st case
deviation.

Execution gatistics. Thisfile documentsthetotal counts of several useful model parameters. It
includesthe total treatments performed, thetotal errorsinitiated, the total errors caught, the
total errorsthat affected patients, the total number of fractions affected by programmatic
errors, thetotal number of patients affected by systematic errors, the total dosage deviations
for all fractions, the total dosage deviationsfor final fractions, the total worst case dosage
deviations, and the total wor st case dosage deviations for final fractions.

Thereportsfor final fractionsrefer to final fraction for each patient. In the RAB process,
dosage deviationsin early fractions can often be “ made up” by increasing or decreasing the
dosage in subsequent fractions. Sometimes additional fractions beyond those in the original
treatment plan can be used to ddiver further dosesif the original fractions delivered too little.
This hasled to some controver sy concer ning whether dosage deviationsin early fractions that
can bemadeup in later fractions are considered misadministrations. No attempt was made in
the RAB modd to “ make up” dosage deviations. Instead, it was deter mined that both dosage
deviationsfor all patient fractions and those for the final fraction bereported. Thereport of
final fraction dosage deviation issmply a restatement of thelast fraction for each patient from
the dosage deviation report of all fractions. Using theseresultsfilesthe user can see either the
dosage deviation of each fraction or, if the assumption that dosage deviations are being made
up during subsequent fractionsis used, the user can look at only the dosage deviation of the
final fraction.

53.1 Verification and Validation

This section documentsthe two verification and validation (V& V) effortsthat were performed as part
of the modeling work. The purpose of these V& V effortswasto verify the model structure, check the
validity of the model, and assess the degree to which this modeling technology is accepted by potential
users. Thefirst effort involved the personnel from PS& EG (Section 7.5.1). The second involved
expert RAB practitioners (Section 7.5.2).

53.1.1 Pacific Sciences & Engineering Group

Thefirst V&V involved personnel from the Pacific Sciences and Engineering Group (PS& EG).

PS& EG authored the RAB task and error analysis document that was used as a primary information
sour ce to develop the model and was in the best position to deter mine whether the static task analysis
was adequately converted into a dynamic smulation model. PS& EG was asked to verify the

accur acy of the network flow, to help add the QA function to the model, and to review the errorsthat
wer e systematic or programmatic. In addition, they were asked to provideinput for estimates of
probabilitiesfor initiating and catching each human error, describe any dependencies between the
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errors, and help develop a method for trandating error consequencesinto treatment results.

PS& EG reviewed the network diagrams and compar ed them with the NUREG/CR-6125 task and
error analyses and their own under standing of the RAB process. They agreed that the majority of the
networ ks accur ately represented the information from thetask and error analysesin NUREG/CR-
6125. Several changes were made to the model based on their recommendations. The majority of
these changes included the locations where errors could beinitiated and caught. In addition, PS& EG
reviewed the assignments of errorsto the systematic and programmatic error categories.

Throughout this process, the PS& EG personnel were ableto easily under stand the network diagrams
and the mapping between the diagrams and the information contained in the NUREG/CR-6125.

In addition to reviewing the network diagrams, the personnel from PS& EG reviewed therdative
estimates of the probabilitiesfor each human error (Appendix B). PS& EG personnel also described
several dependencies between errorsin which theinitiation of one error can either increase or
decrease the likelihood of one or more other errors. These dependencies were incorporated into the
model.

Finally, the PS& EG personnel were able to help develop the method for reporting treatment
outcomesin themodel. They provided input for grouping each of the human errorsinto categories
based on three different types of misadministrations and developed several dosage deviation
distributions. The treatment outcomesin the model are based on this mapping between theerrors
and thetypes of misadministrations. The details of this method were described in Section 7.3.4.

53.1.2 Expert Remote Afterloading Brachytherapy Practitioners

The second V&V effort involved practitionerswho are considered by the NRC to be expertsin the
field of RAB. Theintent wasto have this group of SMEs act as a second sour ce of information.
Specifically, they wereto estimate probabilities for initiating and catching each of the human errors
and to estimate dosage deviation distributionsfor each error type. However, during thisvisit, the
SM Eswere unwilling to provide estimates for error probabilities. They stated that any such
estimates would be extremely inaccurate due to their own biases and the complexity of the RAB

pr ocess.

The SMEsbelieved that this complexity is due to the dynamic natur e of the RAB process, which
includes differ ences between facilities, treatment types, and patients. Because of these variants, the
errorsthat can occur may be extremely diverse or have very different probabilities. They stated that
the variability of error probabilitiesisvery large.

While reviewing the network diagrams, the SM Eslocated several instances where the processin the
model did not match the general method used at their facilities. They decided that the process
described in the RAB task analysis (NUREG/CR-6125, Volume 2), a composite of the processes from
several facilities, is not useful for reviewing the process of a specific facility. They described
differencesin the process, which include variations in the facility, physician, treatment location, and
patient. Some of these differ ences could be addressed using performance shaping factors (PSFs)?
with the error probabilities, but others can be addressed in the task network itself. In addition, they
stated that the attempt to combine the two treatment types, bronchial and gynecological, into a single
model was not reasonable. They indicated that the differencesin the two treatment processes were
too great to be successfully analyzed together in the same moddl.

31PSFs are factors that affect the probabilities of error such as the level of experience of the personnd, the
level of training of personnd, the level of stress, and thelevel of understanding of process changes, etc.
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Thegroup of SMEsfelt that effects of PSFs must be understood to help addressthe variability in the
processif either a quantitative or qualitative analysisisdone. The PSFs discussed include the
following:

Process K nowledge (experience) - Thisis affected by new personnel, per sonnel from other
facilities, and new processes.

- Stress
- Training

The effects of these PSFs can be accounted for in several ways. Thefirst isby assigning different
numerical valuesto the seven point probability of error scales. The second isto modify specific
probabilities during model execution based on the effect of a specific PSF in the same way that
dependencies are modeled.

The SM Eswer e able to under stand the flow of the model from the network diagrams. They agreed
that this technique could be very useful and that formally reviewing the processto build the mode is
valuable. They also concurred that using praobabilitiesin the model would be valuable provided
sufficient data existed. However, they do not believe that such empirical data currently exists.

56.1 Using the Remote Afterloading Brachytherapy Model

Tousethe RAB model to analyze and improve the safety of the RAB treatment process, several
procedur es should be considered. Thefirst step isto establish baseline valuesfor the RAB mode
execution (Section 7.6.1). Using these results, an area of focus can be identified (Section 7.6.2),
changes can then be made to the model (Section 7.6.3), and their effects can be assessed. (Sections
7.6.4& 7.6.5).

This section includes the data results from the model execution. Thismodel isnot intended to be an
accur ate predictor of treatment outcomes for a specific facility because it does not represent the RAB
process from a specific facility. Additionally, theinput data for the model (e.g., error initiation and
catch probabilities) were not verified and validated by SMEs. Theresultsare based on four separate
executions of the model. Each included 1,000 patients and was set to ten treatments per week. The
error initiation probabilities and the use of dependencies were varied acrossthe four executions. The
values of the seven-point scale for the probabilities of initiating (P(1)) the errorswere lowered from
their initial values by afactor of ten for two of the scenarios. The dependencies between theerrors
werealso varied (turned On or Off). Table 17 provides the model settings for each scenario. See
Section 7.3.8 for details on setting these values. Examples of the resultsfilesarein Appendix H.

Table 17. Settings for the four scenario runs

Scenario #1 Scenario #2 IScenario #3 Scenario #4
nitial P(I) Initial P(I) P(1) / 10 P(1) / 10
Dependencies On Dependencies Off Dependencies On Dependencies Off

Theerror dependencieswere set “ Off” or “ On” during the model runs. Thiswas doneto evaluate
the effect that error dependencies had on mode outcome and to deter mine whether they should be

included in future models of thistype.

NUREG/CR-5362
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56.1.1 Establishing a Baseline

Basdline model results are compar ed to subsequent executions that include changesto the process.
Data, such as, the number of errors per patient and the number of total dosage deviations can be used
to measur e the effectiveness of proposed changes. Based on these measures, goalsfor improving the
safety of the process can also be identified.

The next two tables are examples of the kind of output that can be used for basdline information.
Two model runswere made, each with 1,000 patientsand error initiation probabilities lowered by a
factor of ten (P(1)/10). The model was executed with the error dependencies set to“ On” and then
again with the dependencies set to “ Off” . Table 18 and Table 19 show the number of patientswho
ended up with each level of dosage deviation. Table 18 reportsthe data for all fractionsin each
treatment. With the dependenciesset “ On” or “ Off”, the table showsthat out of 1,000 patients
treated, 13 dosage deviations of greater than 20% over the planned dose wer e predicted over all the
fractions.

Table 19 reportsthe data for the last fraction of each treatment in which an error occurred that could
cause a dosage deviation. With the error dependencies activated, the table showsthat out of 1,000
patientstreated, 10 dosage deviations of greater than 20% over the planned dose wer e predicted in
the last fraction.

Table 18. Dosage deviations for all fractions

1000 Patients >20% under Between 10% & Within Between 10% & >20%
0, 0 0

P() Initial / 10 20% Under 10% 0% Over Over

Dependencies = Off 8 13 7 4 13

Dependencies= On 8 8 7 3 13

Table 19. Dosage deviationsfor last fractions

1000 Patients >20% under Between 10% Within 10%Between 10% [>20%
0 0,

P(1) Initial / 10 & 20% Under & 20% Over Over

Dependencies = Off 4 8 4 2 3

Dependencies= On 5 3 3 1 10

56.1.2 Identifying Areas of Focus

The model can be used to deter mine specific areas of focusfor effortsto improve process safety. This
isdone by identifying the locationsin the processin which errorsare most likely to cause adver se
effects. Theresultsfilesfrom the basdine model that contain the number of initiations per error and
the number of error initiations per task can be used to deter mine the most commonly initiated errors
and thetasks at which the most errorsare being initiated. These errorsand taskswill be the highest
contributorsto therisk of misadministration in the process. Areas of the processthat contribute
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most to therisk level should receive greater focus during improvement efforts.

The consequences of the errors can be used to help prioritize these focus areas. The dosage deviation
and wor & case dosage deviation output filesreport the effect that each error that was not caught had
on atreatment outcome. In some cases the most important focus areas will be obvious. Errorsthat
occur frequently, are not caught, and have high consequences ar e obviously the most important.
However, it ispossible that some errors may beinitiated frequently but have only a minor effect on
treatment outcome; others may not occur as often but have very serious effects. 1n these cases, some
trade-offs occur between theerror frequency, consequence level, and the proposed changesto the

pr ocess.

Most Frequently Occurring Errors

Theresultsin the following tables show the errorsthat occurred most frequently for each of the four
scenarios. These data were derived from the output files that recorded the number of initiations of
each error.

Table 20 and Table 21 show the most frequently occurring errorsand their descriptionsfor each of
thefour scenarios. The left most column of Table 20 shows the frequency ranking of each error;
number one (1) isthe most frequent. The next four columnslist the error numbersfor each of the
four scenarios. The most frequent error for scenarios1 and 2 waserror 48. Table 21 includesthe
error number, description, and error typefor each of theerrorslisted.

Table 20. Summary of most frequently occurring errors
(table shows error numbers)

Scenario

Ranking 1 2 3 4
1 48* 48 13 13
2 13 13 48 48
3 8 21 8 1
4 21 47 1 31
5 1 1 31 21
6 2 2 21 3
7 3 2 2
8 3

* See Table 21 for the error descriptions

Table 21. Descriptionsfor the most frequently occurring errors

Error Number Description Type
48 Damage to applicator 3
13 Applicator moved during 4
transport
8 Applicator not placed correctly 4
21 Applicator moved 4
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1 Dataentry error varies
2 Patient identification error non-dosage
3 Patient routing error 1

Tasks Where the Greatest Number of Errors Were Initiated

Theresultsin thefollowing tables list the tasks wher e the greatest number of errorswereinitiated for
each of thefour scenarios. These data were derived from theresultsfilesfor the number of errors
initiated per task. Table 22 and Table 23 show the task number s and descriptions wher e the greatest
numbers of errorswereinitiated for each of the four scenarios. Theleft most column showsthe
frequency ranking of each task with number one (1) being the most frequent. The next four columns
list the task numbersfor each of thefour scenarios. Task 3.1.7 had the greatest number of errors
initiated for scenario 2. Table 23 includesthe task numbers and descriptions.

Table 22. Summary of tasks wherethe most errorswereinitiated
(table shows task numbers)

Scenario
Ranking 1 2 3 4
1 1.5.10* 3.1.7 1.5.10 1.5.10

14.8 1.5.10 14.8 14.9

3.1.7 115 3.1.7 3.1.7

14.9 5.5d.4 45.0 1.4.10
1.4.10 45.0 1.4.9 450
5.5d.4 1.4.10 1.4.10 5.5d.4
45.0 1.4.9 5.5d.4 115
* See Table 23 for the task names.

N o OB WN

Table 23. Numbers and namesfor each task wherethe most errorswereinitiated

Task Number Task Name
15.10 M ove patient from transporter
317 Connect applicator
148 M ove applicator into position
149 Secure applicator
14.10 Mark applicator
5.5d.4 Record results of QA interrupt & abort

test
450 Perform treatment recording
115 Track transportation schedule

Thetop four errorsfrom Table 20 all include problemswith applicator placement. Thetop fivetasks
from Table 23 also involve applicators. These data resultsindicate that an initial focus of safety
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improvement efforts should be those parts of the process that involve placing and securing
applicators.

56.1.3 Proposing Changes to the Process

The next step would beto determine what changes can be made to the process based on the analysis
of the model results. While an initial focusfor the changes can be identified by the model results, the
actual modifications that are made can vary widely. If the goal isto reduce the occurrence of a
specific error, the process surrounding the pointswhere that error can beinitiated might be altered.
If the goal isto prevent the occurrence of a specific error going undetected, then a check might be
added. Potential changeswill also vary depending on process and resour ce issues, feasibility issues,
facility policies, etc.

Interdisciplinary teams can be used to generate possible process changes. Such teams should include
SM Es from the process, as well as personnel familiar with human factor sissues, policy issues, and the
functioning of the model. The focus pointsidentified by the model should not be used asthe only

sour ce defining the scope of processreviews. Rather, each focus point should be car efully scrutinized
by the team to determineif it isan appropriate point of the process on which to focus safety
improvement efforts.

56.1.4 Testing Changes

Once specific process changes ar e proposed, the mode can be used to test how those changes affect
the process. The proposed changes can be made in the model and the model can be executed using
the same data input asthose used for the basdine. Theresults can then be compared against the
baseline resultsto see the effect the changes had on the process. It isbest to make and test only a
singlediscrete change at atime. If multiple changes are made at the sametime, it may be difficult to
determine which change contributed most to theresult. This process becomesiterative as multiple
changes aretested and as the focus changesto other parts of the process.

56.1.5 Testing Other Changes

Changesto the process might occur for many other reasons. The purpose of proposed process
changes may range from increased efficiency to ancillary administrative requirements. Such changes
may be based on specific analyses of the process and may come from sour ces, such asregulatory or
adminigtrative bodies. The effect that these changes have on the safety of the process may not be
clearly understood. The DES model can be used to assess whether changes for purposes other than
safety have any indirect effect on the safety of the system.

In addition, the cost of implementing process changes can be very large. Using a DES model to test
changes before they are implemented can save consider able time and money by helping to limit the
process changesto those that, at least, do not reduce safety.
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57.COMPARING DISCRETE EVENT SIMULATION TO OTHER RISK ASSESSMENT
METHODS

This section presents a comparison of traditional PRA techniques with the DES methodol ogy
presented in thisreport. First, thereisashort description of the NRC’s Risk-Informed Regulation
initiative that includes a discussion of how different PRA techniques can be used in support of the
regulation (Section 8.1). Following that, thereisa short description of the traditional PRA techniques
that use fault and event trees and a discussion of how the DES methodology fitsinto the realm of
probabilistic risk assessment (Section 8.2). Finally, these techniques are compared by presenting how
each one represents several different processissues common to risk assessment (Section 8.3).

57.1 Risk-Informed Regulation

The NRC is currently developing guidelines and methods for implementing a policy called " Risk-
Informed Regulation.” For nuclear power plants, these guidelinesrely heavily on traditional
Prababilistic Risk Assessment (PRA) and Human Rdiability Assessment (HRA) methods, most of
which are based on fault treesand event trees. Thisproject demonstratesthat DESis an alternative
risk assessment method that might be more appropriate than the traditional PRA/HRA methods for
assessing risks associated with the medical use of radioactive materials.

57.2 Probabilistic Risk Assessment Techniques

This section uses a general definition of PRA to show how both traditional techniques using fault and
event trees and the DES methodology ar e probabilistic risk assessment techniques. An analysis
methodology can be said to be a Probabilistic Risk Assessment techniqueif it isa systematic,
analytical techniquethat answersthree questions, 1) what can gowrong, 2) how likely isit
(qualitatively or quantitatively), and 3) what are the consegquences.

Thefollowing are short descriptions of the event tree, fault tree, and DES risk assessment techniques.
These are provided to show how each isa technique that can answer the three questionsin the above
definition. These descriptions are also meant to help the reader under stand what aspects of the
techniques are being discussed in the comparison and are not meant to provide a detailed explanation
of each technique.

Event Trees

Event trees are used to modd a specific sequence of events which represent either a process flow or
an upset condition within the process. Each sequencethat is modeled starts with a singleinitiating
event that isfollowed by one path for its successful completion or execution and one for itsfailure.
Each branch leadsto a subsequent event that also produces a success and failure path. The lowest
level in an event treeisa path representing the success or the failure of the process. A probability of
success and a probability of failure are used for each branch of each event. The end of each path,
either successor failure, will have a probability that isa combination of the valuesfor the whole path.
The combination of the probabilities of the failure pathsis considered the probability that the process
will fail given theinitiating event. This probability and the consequences of failure are used to
determinetherisk in the process.
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Fault Trees

Fault treesare used to model the combination of failures necessary to reach an upper level undesired
result. Thetop nodein afault treeisthe undesired result. Each subsequent nodein thetreeisa
failurethat must occur for thetop level fault to occur. Each fault in thetreeis decomposed into more
detailed components so that the upper fault is expressed asa combination of lower faultswithin the
tree. The decomposition continuesuntil alevel isreached where probability of failuredatais
available for each fault. Boolean logic isused to combine the values from the lowest level of thetree
tothetop level fault. Thisvalueisused asthe probability that thetop level fault will occur. This
probability and the consequences of the undesired result are used to determinetherisk in the process.

Discrete Event Simulation

The DES methodology isthe technique presented in Section 6 of thisreport and was used to develop
the RAB mode presented in Section 7 of thisreport. It modelsthetask flow of a processincluding
the human errorsand equipment failuresthat could occur. Probabilitiesare used to initiate errors,
failures, and recoveries during model execution. Consequences of errorsand failuresare used to
represent undesired outcomes of the process. In the case of the RAB model, the undesired outcomes
wererelated to radiation dosage. Thus DESisa PRA technique asthat term is defined above.

57.3 Comparing Techniques

This section presents the comparison between traditional risk assessment techniques using event and
fault trees and the DES methodology. The comparison is made through the methods that each
technique employsto express process and analysisissues common to risk assessment.

Data Requirements

All these techniques use similar kinds of data about the processthat is being analyzed. Each
technique begins with some level of task analysis that provides the necessary under standing of the
processto be analyzed. In event or fault tree analyss, thisinformation will be used to develop
specific process scenarios or combinations of failuresthat will be analyzed. The DES methodology
usesthe task analysisto develop a diagram of the process flow and the errorsand failuresthat can
occur during the process. See Section 6.2.1 for information on DES data requirements.

Level of Detail

Thesetechniques all allow a flexible level of process decomposition. Eventsin event trees can be
expressed at any level of detail required to represent the sequence. Faultsin fault treescan be
continually broken down into component partsuntil the necessary level of detail isreached. A DES
model can also be expressed at varying levels of detail. Theselevels of detail can be organized using
the networ ks and subnetworks of the network diagram. See Section 6.2.1 for mor e infor mation on
level of detail in DES.

Errors without Recoveries

In building a DES mode, the analyst identifies the places where errors can be initiated and the place
wherethey can be caught. After doing this, the analyst can, by inspecting the model, identify those
errorsthat have a place of initiation, but have no place where they can be caught. 1f themode isan
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accur ate representation of the process, the licensee might want to redesign the procedureto add a
check point to catch such errors. See Section 6.2.1 for moreinformation on identifying errors that
cannot be caught within the process.

Repeated Parts of the Process

In the RAB process, a series of tasks may berepeated during atreatment. For example, if morethan
one applicator isbeing used, the tasks involved with placing the applicator in the patient will be
repeated for each additional applicator. The potential existsfor errorsto beinitiated or caught each
timethe processisrepeated. Fault and event trees model this by changing the failure probabilitiesto
reflect the multiple potential for failure or recovery. DES models this more straightforwardly, the
sequence of tasks would be repeated allowing errorsto beinitiated or caught during the task
execution. See Section 6.3.3 for more information on branching logic and repeating tasks.

Recoveries from Errors and Failures

Recovery from errorsand failures can be expressed in fault and event trees. In afault tree, any given
fault can be expressed in the tree asthe combination of the fault itself and failing to recover from the
fault. Thefault and thefailure of the recovery will have probabilities that can be combined to express
the probability of the upper level fault. In an event tree, recoveries are often expressed with a path to
another part of the sequence.

When an error or failureiscaught in a DES modd, it isassumed that the error isrecovered, and part
of the processisrepeated (section 6.3.4). In amedical process, for example, if an error in the
treatment plan is caught, part of the treatment planning process may berepeated. Repeating parts of
the process can result in additional error initiations and catches. The DES methodology explicitly
representstheserecovery paths.

Dependencies

Dependencies can be expressed in the same way for all these methods. Each error probability is
altered based on the effects of the dependency. In a DES model, dependencies ar e built into each
error probability calculation (Section 6.5). Thisallows the probabilities of the errorsto change
dynamically during model execution depending on theinitiation or catch of other errorswithin the
model.

Programmatic and Systematic Errors

The RAB DES modedl is ableto represent the treatments of multiple patients by continuoudly
executing the modd for each patient. Thismakesit possible to represent the effect of programmatic
and systematic errors (Section 6.10.6). Programmatic errorsin the RAB process are defined as those
errorsthat can affect morethan onetreatment fraction of a single patient. In the RAB DES mode, a
flag isset when an error isinitiated. Theflagisreset if theerror iscaught or, for most error types,
before the next treatment fraction begins. If theerror isprogrammatic and is not caught, then the
error flagisonly reset if a new patient isbeing treated. Theerror will still be able to affect
subsequent treatment fractions of the same patient. Systematic errorsarethosethat can affect the
treatments of multiple patients. Inthe RAB DES model, the flagsfor the initiation of systematic
errorsareonly reset if theerror gets caught. In thisway, the mode can express how theerror can
affect multiple patients. Likefailuresin repeated parts of the process, fault and event trees can only
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express the effects of programmatic and systematic errors by altering the probability of specific faults
or events. DES modelsit much more straightforwardly and automatically accountsfor repetitionsin
the process.

Performance Shaping Factors

PSFs, such as, experience, stress, and training can be expressed in the same way for all these
methods. The probabilities of error or failures can be adjusted depending on how they are affected
by the PSF. In fault and event trees, the analyst must alter the values of each probability in thetree
that is affected by a specific PSF. Although thiswas not done for the RAB model, in a DES model the
probabilities can be made functions of the PSFs, and the PSFs can be variables and have changing
values. The PSF could be set by the analyst at the beginning of the model execution, or it could be
calculated as a function of the eventsin the scenario, depending on the desired analysis.

Determining Areas of Focus

One of the purposes of risk analysisisto determine what parts of a process contribute most to the
level of risk. Fault tree analysis uses importance measures within the tree logic to determinethe
relative importance of each basic failure within the fault tree. Thisis done by determining the effect
that each of the basic events has on the frequencies of the various outcomes. Likewise, individual
eventsin event trees can be assessed for their relative contribution to the frequency of various
outcomes. Inthe RAB model, the areas of focus are determined by identifying the most frequently
occurring errors and the tasks where the most errors occur (Section 6.11).

Consequences

Theregulatory community definesrisk asthe probability of an incident combined with its
consequences. Therisk involved in a processor system increases with the probability of theerror or
sequence of errorsand the consequence of theerror(s). Errorsthat have a very high probability but
very little consequence do not represent aseriousrisk. Likewise, errorswith serious consequences
do not represent a seriousrisk if they have a very low probability of occurrence. An examplein a
context where PRA iscommonly used is the probability of errorsand/or failuresin a nuclear power
plant that result in the loss of coolant pressure combined with the consequences of that loss. The
consequences can berepresented in terms such as damage to the facility or potential harm to the
public.

The RAB model predictsthe frequency with which each error occurs across multiple treatments
(Section 7.4.2). However, the representation of consequence was limited to what is currently
acceptable within the medical context. In the context of RAB treatments, it is not possible to say that
an error or combination of errorswill result in specific harm to the patient. Assuch, it isdifficult to
describe the consequence of the errors. Instead, the RAB model uses the consequences currently
accepted by the regulatory community. These are known as‘misadministrations (Section 7.3.4) and
are defined by the amount of deviation in radiation dosage, not the effect to the patient. This should
be viewed as a context-driven limitation of the RAB model and not as a limitation of the DES risk
assessment methodology.

Monte Carlo Techniques

Monte Carlo techniques are used for uncertainty analysisfor fault trees. Thevariability in the
probability of thetop level fault isassessed based on the uncertainty of the basic events. Monte Carlo

97



Comparing DES with other Risk Assessment Methods

techniqueis used as different valuesfor basic events are randomly selected from their uncertainty
distributions and the probability of the top level fault isrecalculated. In DES, model resultsare
based on numerous executionsin which errors occur based on their distributionsand Monte Carlo
sampling. The uncertainty in the results can be assessed by smulating a large number of treatments.

Presentation

Throughout the risk assessment process, analysts are often required to present or explain the analysis
technique. Thisisespecially true during verification and validation efforts when analysts work with
SMEsto assess the accuracy of trees and models. Although thisisa very subjectiveissue, fault trees
can often be difficult to describe to people who are not familiar with the technique. 1n addition, it can
be difficult for SMEsto determine if the analysisis complete when reviewing specific fault scenarios.
Event treesare a little easier to under stand because they follow the flow of the process from an initial
point. However, the completenessissueis sill difficult because typically an event tree models only
what happens after a specific point and not the entire process. The network diagram of a DES may
be easier to understand (Section 7.5). Thisisbecauseit isa natural mapping of process steps, and the
error initiations and catches are represented at the pointsin the process wherethey can occur. The
issue of completeness can still be difficult because SM Es must determineif all the possibleerrorsand
failuresthat could adversely affect the process have been identified and modeled correctly. It may
also be easier to adopt a DES moddl across siteswith dlightly different processesthan it would beto
make changesin fault or event trees. Because the network representsa natural map of the process, it
may be easier to adapt a model to other sites by tracing the network flow.

Complementary Techniques

Traditional risk analysisfor power plants often beginswith a focus on the equipment failures and not
on human actions. Thisislargely due to the automated nature of normal power plant operations.
The processes are not usually task-oriented. Human actions ar e often responsesto equipment issues
or upset conditions that may occur during plant operations. Thus, the analyst isinterested in what
faults or events can interrupt the plant asit isrunning. Thisiswhy fault and event tree analysisis so
often used to analyze normal power plant operations. The process can either be analyzed from the
point of an initial event or from the point of the sequence of faultsthat must occur to produce an
undesired result.

In medical processes, such as RAB, thereislittleautomation. The majority of the treatment process
involves sequences of human actions. Thefocusison errorsand failures occurring during the flow of
the processrather than upset conditions. The DES methodology is uniquely suited for such processes
because of the way it modelsthe processflow. Power plant operationsthat follow a sequence of
actions or a procedure, such as, start-up or maintenance may also be more suited to analysisusing the
DES methodology.

Likewise, in the RAB process, thereisa point wheretraditional fault or event tree analysis may be
mor e appropriate. Thetreatment delivery itself isan automated process under the control of the
treatment computer. Like normal power plant operation, the human personnel are smply
monitoring the treatment for problems. Inthe RAB DES model, aloop was created that cycled for
the duration of thetreatment delivery. Within that cycle, there were opportunitiesfor errorsto be
initiated and caught. It may be mor e effective to model thispart of the treatment process with
traditional fault or event tree analysis
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Acceptance

Fault and event trees are part of a widely accepted risk analysis process. The software that isused
has been in development for a number of yearsand is also well accepted (NUREG/CR-6116).
Likewise, DESisawell accepted technique for modeling processesfor a host of different types of
analyses, such as, human perfor mance, resour ce utilization, efficiency, cost, scheduling, and training
(Section 3). The Micro Saint software (Section 5) that was used to develop the RAB model isa well
accepted tool for DES.

Ease of Use and Speed

All of these techniques are complicated and involved. They requiretheresources of analystswho are
very familiar with risk assessment and working with SMEs. They must also understand the
techniques and softwar e that will be used.

The softwarethat is used to create process smulations is often thought to be sow when large
number s of model executionsareinvolved. For the purposes of this project, the RAB modd was
executed for 1000 patients. That is, the model cycled 1000 times. Thistook approximately 20
minutes using a computer with a 133 M Hz processor.
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58.RESULTS

Thetwo primary objectives of the project documented in thisreport were (1) to determinethe
feasibility of using Discrete Event Simulation (DES) modeling to assess the effects of human errors
and har dwar e and softwar e failures on process safety within RAB in particular and within medical
processes that use radioactive materialsin general, and (2) to compare DES with other risk
assessment methods for evaluating medical processesthat use radioactive materials. The mode
represents a hypothetical RAB process flow based primarily on the task and error analyses from
NUREG/CR-6125, the use of the MicroSelectron HDR equipment for bronchial and gynecological
treatments, and estimates of human error probabilitiesand error dependenciesfor this hypothetical
process. The hardware and softwar e failuresincluded in the model are not meant to be a thor ough
treatment of all possible equipment failureswithin the RAB process. Rather, they areincluded to
show how equipment failures and their effects on the process can be represented in a DES modd.
Thismodel isnot intended to be an accurate predictor of treatment outcomesfor a specific facility
because it does not represent the RAB process from a specific facility. Additionally, theinput data
for themode (e.g., error initiation and catch probabilities) were not verified and validated by SMEs.

The RAB process was described in NUREG/CR-6125 as a structured and layered series of discrete
events. These eventswere modeled using Micro Saint modeling software. A methodology was
developed for adding theinitiations and catches of human errorsand equipment failuresto the mode.
This methodology allowsthe use of probability distributionsfor initiating and catching theerrors.
The model can report the numbers and types of errorsthat could occur in the process and the events
that lead to potential misadministrations. An advantage of thistechniqueisthat the model will report
misadministrations that occur regardless of whether they could be detected in thereal process.

Two separate verification and validation efforts were performed for thisproject. In both cases, the
techniques used in the model wer e easy to communicate and were well under stood by the subject
matter experts. The SMEsalso indicated their support for DES as a useful way to represent the
RAB treatment process. Thefinding at the second review was that the processesfor performing
RAB treatments wer e consider ably different at each facility and also varied greatly from one
treatment typeto another.

The RAB model simulation was executed four timeswith varying error initiation probabilities and
use of dependencies. Each model execution included 1,000 patients. The most frequently occurring
errorsand associated tasks wer e identified for each of the four scenarios. Possibly the most
interesting result from the four model executions was that the same set of the most frequently
occurring errorsappeared in all four scenarios. In addition, the same tasks wer e responsible for
initiating the highest number of errorsthat resulted in incorrect treatments. Theresults of the
simulation indicate that therelativerisk of incorrect treatment in the RAB process can be identified
using relative estimates of error probabilities. DES can be used to assess the locations at which
errorsare most likely to occur, and the pointsin the process where errors can be identified and
corrected.

Theresultsalso indicated that the dependenciesincluded in the mode did not significantly affect the
process outcome. However, the dependenciesincluded in the model did not represent a complete set
of dependencies with the RAB process. Therefore, it isnot possible to conclude that dependencies
should not beincluded in models of thistype.

The process of developing and testing any proposed changesto the process was not performed during
thisproject. However, a distinct difference between the treatment processin the RAB model and
that in the specific sitesvisited during the project was noted. 1n the RAB model, the patient isin one

101



Results

location while the applicators are placed and then moved to another for thetreatment. Thisisthe
process represented in NUREG/CR-6125. Several of the most frequently occurring errors have to do
with movement of the applicator during transportation. In each of the sitesthat werevisited, the
patient was not moved between the placing of the applicator s and the actual treatment delivery. This
helpsto prevent the movement of the applicators problem noted in NUREG/CR-6125 and the RAB
model. It isnot known whether the process at these sites once involved this transportation step.
However, it isimportant to note that this point of focus, predicted by the RAB model, has a workable
solution that is currently implemented at some sites.

At thetime of this project, the NRC was very interested in misadministrationsin medical processes,
such asRAB. Wechose not to try to trandate misadministrations into consequences for patients or
staff. The potential adver se effects of radiation doses (other than extreme cases of radiation
overdose) isa matter of medical judgment. The number of misadministrations predicted by the RAB
model wer e only used as a measur e of problems and improvements. There are many other model
outputsthat can be obtained from the RAB model and from DES modelsin general and, even without
reporting misadministrations, the process of analyzing frequent errors and tasks wher e the most
errorsoccur isstill important.

58.1 Conclusions

DESisawell established technique for simulating processes that can be described by discrete events,
such astasks performed by humans. M any tasks performed by machines and by computer hardware
and software are discrete eventsthat can be modeled by DES. It isgenerally contrasted with
continuous event simulation. These generally rely on continuous mathematical equationsthat are
reevaluated at very short timeintervals.

The process of building the network diagram for a DES from a description of tasks and deter mining
the processflow is straightforward and under standable. Models of thistype have been used
successfully to analyze aspects of processes, such as, human performance, resour ce utilization,
efficiency, cost, scheduling, and training. This project has demonstrated that DES can also be used to
assess human error and human responses to har dwar e and softwar e failuresin the RAB treatment
process. Equipment failures could also be included in a mode that use on-demand failure
probabilities and error nodes much like the human errors.

Results of the model can be used to answer the“ what if” questions of proposed changesto increase
process safety. A proposed change to the process can be modeled. The effects of the change can be
assessed by comparing model results from before and after the change. Using the model to assessthe
effectiveness of changes can save time and money by helping to limit changesto those that increase, or
at least do not decrease, the process safety. Using models to assess process changes has proven to be
cost effective. The cost of developing a medical process model and using it to test proposed process
changes can be more cost effective than making a change to an actual process and finding out it does
not provide the expected result.

The methodology for building modelsand using DES for risk assessment can be generalized to not
only medical processes smilar to RAB treatments, but also to any process for which therequired
information isavailable. If the process can be described by discrete events, it can be modeled using a
network diagram. Human errorsand equipment failuresthat can affect the system can beincluded in
the moddl. Probabilities can be used to smulate theinitiations and catches of errorsand failures, and
associated conseguences can be used to assess the importance of errorsand failures and predict
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jpr ocess outcome.

DESisalso uniquely qualified as an alter native and complementary risk assessment method for the
NRC’s policy of “ Risk-Informed Regulation.” This policy may be used when implementing changes
to thelicensing bases for operations over which the NRC hasregulatory duties. The ability of DESto
assess the effects of changesto the process being modeled can be used very effectively towardsthe
goals of this policy.

The one main advantage that DES has over other risk assessment techniquesisthat it models both
eventsthat are errorsand failures and eventsthat occur when the processis proceeding correctly. In
this sense, the entire processisincluded in the model. The complex interactions between events, such
as, repeated tasks and errorsthat affect morethan onetreatment or patient, occur aspart of the
execution of the model, thusreducing the chances that some of the interactionswill be missed. The
SMEswho wereinvolved in this study were easly able to under stand the network diagram used in
the RAB modd. Thishas made the process of validating the flow of the model mor e straightforward.
DESislimited, as are most risk assessment methods, by the lack of empirical data for human error
probabilities.

The process of building a DES modd can be complicated. Likethe other risk assessment techniques
discussed in thisreport, building a DES model requires an analyst who is familiar with the modeling
techniques. In thisrespect, thereis no advantage or disadvantage in using DES modeling over other
risk assessment techniques.

This study also showed that a general RAB modd is probably not sufficient for analyzing the process
at a specific facility. The RAB model developed for this project represents a composite process of
several different facilities and has been judged to betoo general for use in assessing a specific site.

58.2 Recommendations

This section presents recommendations based on the results of this project and the beief that
continued work in thisarea will be beneficial to the arena of risk assessment asa whole. Thefirst
recommendation isfor the development of a site-specific modd to assess and refine this methodol ogy.
The second recommendation includes further development of the use of PSFs and dependencies,
possibly combined with other DES capabilities. Finally, a customized softwar e tool could be
developed for the purpose of assessing risk for medical processes using the DES methodology.

58.2.1 Site-Specific Model

The next step in assessing the utility of DES asa risk assessment technique should be to develop a
model for a specific medical treatment type at a specific facility. The current RAB model can be
tailored to the process flow and errorsfor a specific treatment and facility can be developed. In this
way, the model and the DES methodology could betested in a more realistic setting. The project
should include using the model to deter mine ar eas of the process for which changes can be proposed
toincrease safety. The model can then be used to assessthe effectiveness of the proposed changes.

58.2.2 PSFs and Dependencies

The current RAB model makes limited use of dependencies and does not model performance shaping
factors, such as, training, stress, experience, etc. Further study on how a more complete set of
dependencies may affect the outcome of model execution iswarranted. 1n addition, a methodology
for including PSFsin the mode could be developed in future work. Using perfor mance shaping

103



Results

factors, such as experience would allow the analyst to compare model results across different levels of
personnel experience.

DES models ar e often used to assess workload in terms of time limitations and resour ce constraints,
such aspersonnel. High workload isa contributor to stress. Futurework with this technique might
include adding wor kload analysisinto the RAB maodel that includes patient schedules and personnel
availability. Theworkload in the process could then be used to estimate the stress on personnel and
changethe error probabilities dynamically within the mode.

58.2.3 Software Tool

A softwaretool can be developed specifically for the purpose of using DES to assess the human errors
and system failures within medical processesthat use radioactive source materials. Thetool would
consist of the Micro Saint modeling engine and an easy to useinterface. Theinterface would provide
the tools needed for personnel to model the desired process with a minimum of training and little or
no background in DES modding techniques. In the same way that specific softwareis currently used
for traditional PRA/HRA, the model would include types of data analyses specific to using DES for
risk assessment.
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